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Butte, MT has extensive environmental damage due to 120 years of mining, milling, and 
smelting starting in the late 1800’s with no control or forethought on waste management. The 
area is now one of the largest superfund complexes in the United States and has been extensively 
remediated with restoration continuing. A growing number of studies are investigating native 
plants’ ability to aid in metal removal after reclamation efforts. Basin wildrye, Leymus cinereus, 
grows in each of the restored and contaminated areas sampled. This study investigated the Mn, 
Fe, Cu, Zn, As, Cd, and Pb content of aerial plants and roots, as well as surrounding soil, on a 
transect to 25 meters from the creek bank. Aerial plants averaged a content (all values ppm) of 
Mn 20.0 ± 0.6, Fe 260 ± 67, Cu 4.0 ± 0.2, Zn 30 ± 1, As 0.30 ± 0.01, and Pb 0.200 ± 0.002; roots 
averaged a content of Mn 104 ± 3, Fe 6,000 ± 2,875, Cu 22.0 ± 0.9, Zn 132 ± 5, As 3.0 ± 0.2, 
and Pb 4.00 ± 0.04; soils averaged a content of Mn 210 ± 27, Cu 101 ± 4, and Zn 220 ± 16; and 
cores averaged a content of Mn 270 ± 41, Cu 310 ± 19, Zn 410 ± 39, As 260 ± 56, and Pb 193 ± 
6. The soil showed higher metal contents than the roots, which showed higher concentrations 
than the areal plants. Element content increased with increased distance from the bank. Soil 
contents increased by factors of 4, 12, and 0.2 for Mn, Cu, and Zn respectively; aerial plant 
content increased by factors of 0.2, 3, 7, 0.4, and 3 for Mn, Fe, Cu, Zn, and Pb respectively; and 
root contents increased by factors of 0.2, 58, 10, 0.13, and 9 for Mn, Fe, Cu, Zn, and Pb 
respectively. In addition, a potential Mn and Fe deficiency below the Warm Springs Settling 
Ponds could indicate the ponds settle out Mn as well as other metals. Overall, the Warm Springs 
(contaminated) location had the highest elemental contents followed by Miles Crossing (restored, 
suspected groundwater upwelling), Santa (twice restored), and Hay Canyon (control). Potentially 
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1. Historical Context  
Silver Bow Creek (SBC) became a superfund site in 1983 due to the acid mine drainage 
from over a century of mining, milling, and smelting that began in the 1860’s (Figure 1) (US 
EPA, 1988; Gammons et al., 2006; MTDOJ, 2011). Many floods have occurred since the mining 
began, which washed waste in SBC and Warm Springs Creek downstream to Missoula and the 
Mill Town Dam, contaminating 120 km of SBC and the Upper Clark Fork River (UCF) (Figure 
2) (Gammons et al., 2006). In 1914 the Anaconda Mining Company (Anaconda Co.) built the 
first tailings impoundment after recognizing the contamination done to Silver Bow Creek (Figure 
3). They also recognized the Upper Clark Fork River as something that they should not 
contaminate. The Anaconda Co. built the Warm Springs Ponds to settle out the particles and 
discharge that water at a pH of 8 instead of the mine waste water at a pH of about 4 (Griffin, 
2020).  
Butte, MT, circa 1990’s, is noted as the most historically significant location west of the 
Mississippi. As the most ethnically diverse city in history in that time period, the ‘No Smoking’ 
signs in the mines displayed 17 languages and still did not cover all the native languages of the 
mine workers. Butte also led the national movement to unionize and promote human rights. The 
Miners Union is #1, the Speedster Union is #2. Many unions in Butte have a union number under 
30. Most everyone in Butte participated in a union until 1981 when the first non-union shop 
appeared, McDonalds (DeNeal, 2020). 
Mining operations in Butte MT have a long history of ownership starting with small 
family mining operations that combined under the Anaconda Co. After sometime as part of the 
Amalgamated Copper Company, the Anaconda Co. flourished, eventually owning all the other 
mines under the Amalgamated Copper Company and foreign mining companies, such as Chile 
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Copper Company. The Anaconda Co. operated from 1891 to 1977 when Atlantic Richfield 
Company (ARCO) purchased it. ARCO was a petroleum corporation that diversified its assets. 
In 1985, Montana Resources Inc. bought the partially started Continental Pit from ARCO next to 
the Berkeley Pit (Dunlap, 2016). In 2000, British Petroleum Amoco (BP) bought ARCO 
(Encyclopedia Britannica, 2021). 
 
  
Figure 1: Historic mine shafts and underground workings 






Figure 2: Contamination area 




Figure 3: Berkeley Pit and tailings impoundment 
Photo taken 16 September 2015 (cfwep, 2015). 
When the first Irish working community moved to Butte, they wrote of aspen groves all 
over the area. Seven years later no living plants grew on the Butte Hill. The trees all died due to 
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toxic fumes from the smelters or because they became lumber for support beams in the closed 
shaft mines. This led to Butte being the most ecologically damaged area in North America in the 
1890’s (DeNeal, 2020). 
The mining transitioned from closed shaft to open pit mining in 1955. This led to the 
creation of the Berkeley Pit, in use from 1955 to 1982. Once the Berkeley Pit closed, the mining 
operations opened the Continental Pit in 1982 which currently still operates (Figure 4) 
(Gammons et al., 2006; Berkeley Pit, 2020). In 1983 Atlantic Richfield stopped pumping 
groundwater from the Kelly Mine underground workings. These pumps had removed the 
groundwater that has since slowly filled the disused underground operations and the Berkeley 
Pit. It is unlikely anyone consulted the Environmental Protection Agency (EPA) about this 
decision as they were a relatively new government organization (est. 1970) (Pellicori et al., 
2005; Gammons et al., 2006). Atlantic Richfield should have asked permission first so that the 
EPA could evaluate the potential environmental hazard of all the options. In 1983 SBC became a 
Superfund site and began the process of restoration. The SBC Superfund site expanded in 1987 
to include the Butte Area. The groundwater rose 457 m in the first year and today rises about 1.5 
to 1.8 m per year. The Berkeley Pit acts as a large capture well. The water level in the pit is 
lower than the surrounding groundwater so all water within approximately 4.5 km flows towards 
the pit (Gammons et al., 2003). 
The Berkeley Pit is a 1.6 by 2.4 km across pit with a 6.4 km circumference, and 543 m 
depth. The pit had over 1.5 billion tons of material removed during mining operations (Figure 4) 
(Griffin, 2020). The pit is deeper than the empire state building is tall (543 m and 443 m 





Figure 4: Berkeley Pit in 1966 
In operation until 1982 and now is the largest contaminated water body in the world (Mining in Butte, 
2011). 
The Butte Silver Bow area is known for its acid mine drainage (AMD), formed by sulfide 
minerals oxidation. Most common in this area is the oxidation of pyrite (FeS2), with oxygen 
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producing sulfuric acid and iron oxides, making the soil yellow and red (Griffin, 2020). The 
AMD groundwater has flooded the historic shaft mines and now fills Berkeley Pit. There is a 
groundwater divide just south of the pit which allows for the contaminated groundwater to flow 
to the lower water elevation pit, now acting as a giant capture well (Gammons and Icopini, 
2020). The pilot study for treating the pit water is currently pumping out and treating the pit 
water to keep the water elevation below the critical level (1649m, 5410ft) and to keep 
groundwater flowing into the pit. 
In 1995, the United States Environmental Protection Agency (US EPA) and the 
Department of Environmental Quality (DEQ) issued a record of decision (ROD) decreeing 
tailings and impacted soil removal and creek and floodplain reconstruction (MTDOJ, 2011). 
Restoration has occurred for 70% of the creek since 1999. The restorations included a limestone 
layer and cover-soil. The record of decision (ROD) specified the topsoil removal for all soil with 
pH values below 5.5. Most areas in Butte got approximately 46 cm of topsoil brought in but 
some areas had the top soil removed due to the high levels of contaminants. The Ramsay Flats, 
downstream of Butte, had up to 2.4 meters of contaminated soil removed (Griffin, 2020). The 
limestone layer would reduce the amount of metals due to deeper groundwater coming up 
directly but does not block contaminants from moving with groundwater to other locations 
without the limestone layer (Alexander, 2006). The contamination levels and remediation efforts 
have not stopped the continuing mining operations in the Continental Pit, the site of continuing 
open pit mining operations in Butte.  
The Berkeley Pit used to be a deep red-brown color with a pH of 2.5, very suddenly 
(almost overnight) the pit increased in pH to 4 and turned a seafoam green-blue color (Figure 5). 
The pH change is due to the lime sludge facility that dumps high pH water into the pit (Griffin, 
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2020). Furthermore, the large scale Cu recovery removes the copper from deep water and returns 
the water back to the pit (Gammons and Icopini, 2020). The color changed due to the speciation 
of the elements in the pit water, most likely, the iron species precipitating out and being removed 
as iron is a red-brown color (Gammons and Icopini, 2020).  
   
Figure 5: Berkeley Pit color change 
The red-brown color indicating an abundance of dissolved iron a) with a pH around 2.5, and the current 
blue-green color b) with a pH about 4 (cfwep, 2013) 
Metals leached into the groundwater from the hard rock mining caused it to become poor 
quality and experts suspect the metals to be seeping into the creek (Gammons and Madison, 
2006). The groundwater is known to have elevated metal concentrations, such as copper (Cu), 
zinc (Zn), manganese (Mn), lead (Pb), molybdenum (Mo), silver (Ag), and gold (Au) (Gammons 
and Metesh, 2006). Depending on the water table depth plants may draw groundwater up through 
their roots and possibly through the cover soil recontaminating the area. The moving 
contaminated groundwater may have been a factor causing the second restoration at the Whiskey 





The Clark Fork Superfund Site complex includes four smaller Superfund sites, Butte 
Priority Soils Operable Unit, Silver Bow Creek/Butte Area One, Anaconda Smelter Site, and the 
Milltown Sediment Clark Fork River Superfund Site (Figure 6). Combined, these four sites make 
up the largest superfund complex in the United States. The current mine owner, ARCO, spent 
almost $400 million for restoration purposes (Metcalf et al., 2015). The EPA restoration of the 
Butte area will take years, as restoration is a slow process with many components, one way to aid 
in environmental recovery is using plants as phytoremediators. The purpose of this study is to 
determine the Mn, Cu, Zn, As, Cd, and Pb content of basin wildrye in areas with different 
restoration levels.  
 
 
Figure 6: Superfund complex map 
(US EPA, 2011). 
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2.1. Ecological Restoration 
Ecological restoration is assisting an ecosystem to restore services and the system of 
living and non-living. Services in an ecosystem are beneficial natural processes such as clean air, 
protection, lumber, decomposition of waste, and even cultural. Restoration is an umbrella term 
covering many more specific ways of aiding the ecosystem including; restoration, rehabilitation, 
replacement, reclamation, remediation, and mitigation (Galatowisch, 2012).  
Restoration is “the action of restoring a thing to a former state or position” (Oxford 
English Dictionary, 2020). In the context of damaged ecosystems, it indicates the return of the 
ecosystem to its historic state. This is not always a practical option as the historic state may not 
be known or well recorded. In the Butte Montana, area we have some written accounts of what 
the landscape looked like but no scientific data on soil quality or species diversity of plants and 
animals. A systematic scientific record of the area did not occur before mining started. Since the 
mining has started and continued for over a century it is now ‘technically impractical’ to restore 
Butte mining sites to the historic state. The EPA tested the area and devised possible plans to 
restore Butte Area One, each plan would cost hundreds of millions to billions of dollars and the 
government and ARCO are not willing to spend that amount of money (Griffin, 2020). 
Furthermore, the historic state would not accurately represent what the ecosystem would be 
today if there had been no disturbance. The system would have evolved and matured in the 150 + 
years of mining, which disturbed the land, giving a moving target for an accurate goal instead of 
the historical state.  
In the context of restoration, rehabilitation is “restoration of a thing to a previous 
condition or status” (Oxford English Dictionary, 2020). Another definition is bringing back the 
ecosystem services (Galatowisch, 2012). This also is impractical in the Butte Area, as the 
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amount of tailings piles and millings that have accumulated over the years of mining, milling, 
and smelting is immense and again costly to fix to the level where the ecosystem services will be 
working.  
In the framework of restoration, replacement is “a person or thing that replaces another as 
a substitute” (Oxford English Dictionary, 2020). An example would be logging damaged land 
that used to be a forest becomes a meadow. The meadow is not the same ecosystem as the forest 
but it provides some of the same services that the forest did. It protects the area and may allow 
the forest the time to come back on its own, in several hundred years.  
Reclamation is “the conversion of wasteland into land fit for use for cultivation, 
construction, or other use” (Oxford English Dictionary, 2020). Examples include; putting a cap 
on the tailings pile and growing plants making it a park, or flattening the tailings pile and 
building a warehouse on top after capping the tailings. This allows the land to at least be useful 
to humans even if it cannot return to a natural state.  
In the field of restoration, remediation is “the action of remedying or correcting 
something” (Oxford English Dictionary, 2020). This term is specific to the treatment of 
hazardous and toxic materials to reduce or eliminate their ability to harm the environment or 
humans. In Butte, this means fixing the mistakes of previous residents, who left toxic mine waste 
next to the creek bank.  
In the frame of restoration, mitigation is “abatement or minimization of the loss or 
damage resulting from a wrongful act” (Oxford English Dictionary, 2020). The Berkeley Pit and 
the flooded underground mine workings are too costly to fully fix. The ongoing plan is to treat 
the pit water before it gets to the ‘critical level,’ below the groundwater elevation level 1649 m 
(5410 ft) above sea level, and discharge the treated water into SBC. This process will maintain 
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the pit lake as the lowest water surface, allowing contaminated groundwater to continue to flow 
into the pit. This situation will contain the groundwater and minimize the hazards to humans and 
the environment, but it does not fix the source of the problem.  
Phytoremediation is “The technique of planting trees, grasses, or other vegetation in order 
to remove contaminants in the soil or the groundwater through accumulation (and sometimes 
degradation) in plant tissues, or to promote their microbial degradation or immobilization in 
association with root systems” (Oxford English Dictionary, 2020). The exploration and further 
understanding of phytoremediation are ongoing as it is a relatively new restoration method. This 
is mainly due to the large number of plant species and vast number of conditions that affect the 
amount and rate of metal uptake by plants (Stoltz and Greger 2002; Deng et al., 2004). 
2.2. Phytoremediation 
Phytoremediation is an innovative and relatively new method for restoration and 
remediation. The exploration and understanding of using plants to remove, stabilize, or otherwise 
clean the metals from the soil is ongoing (Stoltz and Greger, 2002; Deng et al., 2004; Cook et 
al., 2009; Närhi et al., 2012; Shiyab, 2018). This is mainly due to the large number of plant 
species and extensive number of conditions that affect the amount and rate of metal uptake by 
plants. (Stoltz and Greger, 2002; Deng et al., 2004; Cook et al., 2009; Närhi et al., 2012; Shiyab, 
2018). Phytoremediation is an umbrella term for the many ways that plants can accumulate, 
stabilize, break down, or remove contaminants (Figure 7).  
Many plants take up extraordinary amounts of metals and are subsequently called 
hyperaccumulators. Plants that have concentrations over 1% aerial dry mass for Mn and Zn, over 
0.1% for Cu, and 0.01% for Cd and As are hyperaccumulators (McCutcheon and Jørgensen, 
2008; Alves et al., 2011). One species of plant can accumulate so much nickel that the sap is 
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25% nickel (Figure 8) (Jaffré et al., 2018). This thesis looks at one specific plant, basin wildrye, 
Leymus cinereus, in the Butte Silver Bow area and compares metal and metalloid content in the 




Figure 7: Phytoremediation diagram 





Figure 8: Nickel rich sap 
Pycnandra acuminata showing sap that is 20 to 25 % nickel (Jaffré et al., 2018). The branch is several 
centimeters across. 
2.3. Plant Species – Leymus cinereus (Basin Wildrye) 
Commonly called great basin wildrye, basin wildrye, or giant wildrye, Leymus cinereus is 
a robust perennial bunch grass, with a fibrous root system (Figure 9 and Figure 10) (Lesperance 
et al., 1978; Cook et al., 2009). This bunch grass grows in heights ranging from one meter to 
three meters - in optimal conditions - and up to one meter across (Ogle et al., 2012). This height 
and diameter make it the second largest bunch grass native to the western United States 
(Lesperance et al., 1978). This grass prefers growing conditions that are “moist to dry” and 
grows at elevations of 600 to 3,000 meters (Ogle et al., 2012). It contains low amounts of 
proteins, vitamins, and minerals, but is a good source of energy even though cattle typically 
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prefer other grasses (Lesperance et al., 1978). The inflorescence of the seed head is very useful 
for identification as basin wildrye looks very similar to some reed plants (Figure 10).  
Many people have studied basin wildrye as a potential phytoremediator. This bunch grass 
is not tolerant of cesium (Cs) (Cook et al., 2009). It is known to be tolerant of arsenic (As) and 
manganese (Mn) (Knudson et al., 2003; Paschke et al., 2005). The manganese can be up to 5,000 
ppm before it is toxic to the basin wildrye (half the plants were dead by day 60 after treated with 
0 to 6,000 mg Mn administered as MnSO4 three times a week) (Paschke et al., 2005). Calculated 
zinc levels in the range of 2,400 to 2,900 ppm is toxic (half the plants were dead by day 50 after 
treated with 0 to 500 mg Zn administered as ZnSO4 three times a week) to basin wildrye 
(Paschke et al., 2000). The calculated copper lethal toxicity level is 260 ppm (half the plants 
were dead by day 50 after treated with 0 to 300 mg Cu administered as CuSO4 three times a 





Figure 9: Basin wildrye, bunch grass 
The foreground has a garden trowel handle seen half under a blade of the basin wildrye. This plant is 








2.4. Elements of Interest  
The elements investigated in this study are Mn, Fe, Cu, Zn, As, Cd, and Pb. The Butte 
area is known to be high in these elements, and the “ARCO five” comprises the elements of 
interest (excluding Mn and Fe) (Gammons and Metesh, 2006; Griffin, 2019). Of these elements 
Mn, Fe, Cu, and Zn are essential trace elements. As, Cd and Pb are not essential elements and are 
poisonous or toxic in comparatively low quantities (Figure 11). Even though As, Cd, and Pb are 
toxic and carcinogenic, the human body still contains these elements (Figure 12). 
The term ‘heavy metal’ often applied to Mn, Fe, Cu, Zn, Cd, and Pb is meaningless and 
often thought to be synonymous with toxic; this is false (Duffus, 2003). Several of the ‘heavy 
metals’ are essential elements and only toxic in excessive concentrations (Appenroth, 2010; Ali 
and Khan, 2018). Furthermore, every element is toxic in some speciation and concentrations. 
The full function of proteins and enzymes requires the presence of essential and trace essential 
elements (Appenroth, 2010; Ali and Khan, 2018). Various definitions of the term ‘heavy metal’ 
appear in scientific literature including: atomic number greater than 20; density greater than five 
g/cm3; as well as various other defining factors (Duffus, 2003; Appenroth, 2010; Ali and Khan, 
2018).  
In the field of biological sciences, plants taking up ‘heavy metals’ are mostly taking up 
salts or other compounds that contain the elements and not the pure elemental form of the metals 
(Appenroth, 2010). According to the International Union of Pure and Applied Chemistry 
(IUPAC) definition, ‘heavy metal’ is “very imprecise,” and refers to the element and its 
compound loosely, determined by “density, which is rarely a biologically significant property” 
(Duffus, 2003). The IUPAC official ruling on the use of the term ‘heavy metal’ is to not use it if 
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possible, alternatively use ‘metals’ or ‘elements’ as they are more accurate and have firm 
definitions from an authoritative body (Duffus, 2003). 
Arsenic is a metalloid or semimetal defined as “the physical appearance and properties of 
a metal but behaves chemically like a non-metal” (Duffus, 2003). There is no singular defining 
property that makes elements a metalloid or excludes them from being a metalloid (Encyclopedia 
Britannica, 2021). This term applies to boron, silicon, germanium, arsenic, antimony, tellurium, 
and possibly bismuth, polonium, and astatine (Encyclopedia Britannica, 2021).  
 
 
Figure 11: Periodic table of essential elements 
Elements needed for healthy and diverse life. The bulk elements in yellow make up most living organisms. 
The trace elements in green make up smaller elemental quantities required for life, mainly for protein and 
enzyme function. The possible essential trace elements in red make up elements possibly required for some 






Figure 12: Periodic table of elements in the human body 
(Helmenstine, 2015). 
 
2.4.1. Manganese – Mn 
Manganese’s atomic number is 25, its symbol is Mn. Its atomic mass is 54.938. Mn is 
common in iron and steel alloys, batteries, glass, fireworks, cleaning products, portable water 
treatment, unleaded petrol, fertilizers, fungicides, livestock supplements, and varnishes 
(Manganese in drinking-water, 2011). Manganese is known to be high in human hair in the Butte 
area and commonly found in association with iron, which is also high in the area (Hailer et al., 
2017). The approximate amount of Mn ore mined in the Butte operations from 1880 to 2004 
totals 1.679x109 kg (Czehura, 2006).  
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Manganese is an essential element used by many proteins and enzymes. High levels of 
inhaled Mn in humans cause weakness, anorexia, muscle pain, apathy, slow speech, monotonous 
tone of voice, emotionless facial expressions, slow clumsy movements and these symptoms are 
generally irreversible. Oral exposure to high levels of Mn may cause neurological impairment 
(Manganese in drinking-water, 2011).  
In plants, Mn is an essential part of many metabolic pathways including photosynthesis, 
fatty acid synthesis, protein synthesis, and enzyme activation (Reddy, 2006; Li et al., 2019). 
Secondary metabolites biosynthesis also requires Mn for lignins, flavonoids, cinnamic acid, and 
acyl lipids (Lidon et al., 2004; Reddy, 2006). Toxic Mn amounts in most plants lead to oxidative 
stress, restricted enzyme activity, restricted chlorophyll biosynthesis, restricted photosynthesis, 
and prevention of other minerals uptake by the plant (Ducic and Polle, 2005; Lei et al., 2007; 
Millaleo et al., 2010). This presents itself on the plants as chlorosis in young leaves, necrotic 





Figure 13: Manganese toxicity and tolerance in plants 
Red arrows indicate the stress from Mn. Pink arrows indicate the adaptive strategies of plants for Mn (Li 
et al., 2019). 
 
2.4.2. Iron – Fe  
Iron’s atomic number is 26 with an atomic symbol of Fe. Its atomic mass is 55.84. Iron is 
a versatile element used in pipes, pigments, food coloring, and is a component of steel (Iron in 
drinking-water, 2003) Iron is a trace essential element for life as it is necessary in hemoglobin, 
myoglobin, and heme-containing enzymes, as well as stored as ferritin and hemosiderin in the 
spleen, liver, bone marrow, and striate muscle (Iron in drinking-water, 2003).  
Iron toxicity causes hemorrhagic necrosis and sloughing of mucosa and submucosa in the 
stomach (Eaton and Qian, 2002; Iron in drinking-water, 2003). High Fe concentrations in tissues 
has been associated with certain cancers, liver disease, heart disease, diabetes, hormonal 
abnormalities, and immune system dysfunctions (Fraga and Oteiza, 2002). Excess Fe causes free 
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radicals leading to tissue damage (Eaton and Qian, 2002; Fraga and Oteiza, 2002). Iron 
deficiency causes cardiac hypertrophy, enlarged mitochondria with abnormal matrices, deficient 
succinate dehydrogenase activity, damage to the liver, and pancreatic beta cells in rats (Tanne et 
al., 1994).  
In plants Fe toxicity stunts growth and inhibits almost all macro and micronutrients 
(Fageria and Rabelo, 1987). High Fe contents increase hydrogen peroxide, phenolic contents, 
lipid peroxidation, reduces catalase activity, chlorophyll, soluble protein, and carbohydrate 
contents (Mehraban et al., 2008). Visible effects of Fe toxicity include stunted growth, brown 
spots on the leaves and drying of the leaves (Sahrawat, 2005).  
2.4.3. Copper – Cu  
Copper’s atomic number is 29 with an atomic symbol of Cu. Its atomic mass is 63.546. It 
is a widely used metal due to its versatility and high electrical conductivity. It is common in 
wiring, pipes, electronics, building, coins, cooking utensils and in alloys, such as brass and 
bronze. Copper compounds are also in fertilizers and insecticides, wood preservatives and animal 
feeds (Copper in drinking-water, 2004). Copper is currently mined in the Butte area and has been 
since the 1860’s. The approximate amount of Cu ore mined in the Butte operations from 1880 to 
2004 totals 9.778x109 kg (Czehura, 2006). 
Copper is essential to life as it has a role in many cellular processes for development and 
maintenance (Gaetke et al., 2003). The upper gastrointestinal tract absorbs most of the copper 
from oral exposure. Copper deficiency in the body causes anemia, neutropenia, and bone 
demineralization in malnourished children; adults are more resistant to symptoms. An excessive 
but not lethal amount of copper can cause headache, nausea, vomiting, abdominal pain, and 
diarrhea occurring 15 minutes to 24 hours after exposure. A lethal amount of copper causes liver 
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cirrhosis, gastrointestinal bleeding, hematuria, intravascular hemolysis, methemoglobinemia, 
hepatocellular toxicity, acute renal failure, oliguria, and death (Geatke et al., 2003; Copper in 
drinking-water, 2004).  
Plants use Cu in photosynthesis, respiration, lignification of cell walls, and detoxification 
of superoxide radicals (Fox and Guerinot, 1998). Cu toxicity in most plant species causes 
interveinal chlorosis in young leaves, and reddish orange or pink coloration in older leaves, 
leaves curl or roll due to loss of turgor; eventually the leaves dry and wither, and roots turn 
reddish brown and become necrotic (Reddy, 2006). Copper deficiency in most plant species 
causes decreased activity of polyphenol oxidase, IAA oxidase, and peroxidase (Davies et al., 
1978). The deficiency shows as white tips of the leaves and the leaves grow twisted and narrow 
along with stunted growth (Reddy, 2006).  
2.4.4. Zinc – Zn  
Zinc’s atomic number is 30 with an atomic symbol of Zn. Its atomic mass is 65.38. It is 
common in alloys, brass, to galvanize steel and iron, and in rubber products (WHO, 2003). Zinc 
was mined in the Butte Area and was the second highest ore mined, predominantly in sphalerite 
(Minerals, 2021). The approximate amount of Zn ore mined in the Butte operations from 1880 to 
2004 totals 2.226x109 kg (Czehura, 2006).  
Zinc is essential to life as it is vital for some molecular processes. High zinc levels cause 
copper deficiency as the Zn atoms are similar in size and bonding to Cu and cellular processes 
and enzymes can bond to either, but the Zn does not function exactly like Cu, altering the 
enzymes’ actions. Acute toxic levels of Zn cause pulmonary distress, fever, chills, and 
gastroenteritis. Symptoms of high Zn levels include vomiting, fever, nausea, diarrhea, bleeding, 
and abdominal cramps occurring 3 to 24 hours after exposure. Long term high Zn levels can 
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cause impairment of immune responses and gastric erosion (Zinc in drinking-water, 2003). 
Aquatic organisms are more sensitive to Zn than humans (Li et al., 2019).  
In most plant species Zn toxicity causes disintegration of cell organelles, disruption of 
membranes and condensation of chromatin material and increases in the number of nucleoli 
(Sresty and Madhava Rao, 1999). Many processes for DNA and RNA use Zn such as 
metabolism, replication, transcription, and gene expression regulation (Reddy, 2006). Zn is part 
of many metabolic processes, and when at toxic levels, in most plant species Zn causes stunted 
growth, curling and rolling of leaves, death of leaf tips, and chlorosis (Rout and Das, 2003). High 
levels of zinc has also shown a decrease in plant reproduction and root elongation inhibition 
(Sresty and Madhava Rao, 1999; Rout and Das, 2003).  
2.4.5. Arsenic - As 
Arsenic’s atomic number is 33. Its symbol is As. Its atomic mass is 74.922. Arsenic is 
common in smelting, pesticides, wood preservatives, desiccants, glass, alloys, electronics, 
pigments, paper, metal adhesives, ammunition, and pharmaceuticals (Arsenic in drinking-water, 
2011; Choong, 2007). The arsenic use in timber treatment caused the contamination of the 
Rocker area, between Butte and Missoula, just downstream of the Whiskey Gulch walking 
station sample location of this study (Figure 6).  
Arsenic is similar to phosphorus (P), as shown by trends on the periodic table, and P is 
essential for many enzymes and biological processes. Arsenic has a larger atomic radius, lower 
electron affinity, lower electronegativity, and lower ionization energy than phosphorous. Arsenic 
could potentially substitute for P in biological processes as both are capable of oxidation states of 
+5, +3, and -3. In plants the phosphate/arsenate transport system is known, but relatively little is 
known about the molecular pathways and enzymes for arsenate in plants (Zhao et al., 2009). 
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Most As metabolic pathway research focuses on detoxification and not the use of As in essential 
metabolic processes (Goering et al., 1999; Thomas 2007; Tsai et al., 2009).  
Arsenic exposure causes hyperpigmentation, keratosis, weakness, anemia, burning eyes, 
solid swelling of the legs, liver fibrosis, chronic lung disease, gangrene of toes, neuropathy, and 
skin cancer. Acute arsenic poisoning causes burning and dryness of mouth and throat, dysphasia, 
colicky abnormal pain, projectile vomiting, diarrhea, hematuria, dehydration, and associated 
symptoms of dehydration (Choong, 2007; Arsenic in drinking-water, 2011).  
In most plant species arsenic stunts plant growth, harms the photosynthetic process, and 
damages chloroplasts (Li et al., 2006; Farooq, et al., 2016). Arsenic causes lipid peroxidation 
leading to plant death (Singh et al., 2006; Finnegan and Chen, 2012; Farooq et al., 2016). There 
is also solid evidence that As exposure in plants results in reactive oxygen species that damage 
DNA, proteins, and lipids (Singh et al., 2006).  
2.4.6. Cadmium – Cd  
Cadmium’s atomic number is 48. Its symbol is Cd. Its atomic mass is 112.41. Cadmium 
is common in anticorrosive, electroplated onto steel, pigments in plastic, components in batteries, 
and nuclear reactors (Cadmium in drinking-water, 2011). Tobacco leaves take up high 
concentrations of Cd causing smoking to be a higher contributor of Cd than food for heavy 
smokers (Exposure to Cadmium, 2010). During the refinement of Zn ore, Cd separates. The large 
amount of Zn ore processed in the Butte area possibly lead to the Cd contaminating the area 
(Minerals, 2021; Cadmium, 2021).  
Cd is not essential to life, however it is similar to Zn and can replace Zn in molecular 
processes. This potentially causes problems for the proteins or enzymes, as Cd has a slightly 
smaller atomic radius, lower electron affinity, lower electronegativity, and lower ionization 
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energy then Zn. The elements both have oxidation states of +2. If Zn is limited, Cd is used by 
microorganisms, such as the marine diatom Thalassiosira weissflogii, as a substitute, even 
though it inhibits efficiency (Lee et al., 1995; Lee & Morel, 1995; Lane & Morel, 2000; Xu et 
al., 2008). Oral exposure to Cd causes kidney dysfunction specifically tubular proteinuria, 
glomeruli, aminoaciduria, glucosuria, phosphaturia, which can lead to kidney stones and 
osteoporosis, osteomalacia, and painful bone fractures. Oral exposure to Cd causes acute 
pneumonitis with pulmonary oedema, chronic obstructive airway disease, and there is some 
evidence of a carcinogenic nature (Exposure to Cadmium, 2010; Cadmium in drinking-water, 
2011).  
In most plant species, Cd toxicity stunts plant growth and development with similar 
visible symptoms to Mn toxicity chlorosis and leaf rolls (Benavides et al., 2005). Cadmium can 
restrict the plants’ root reductase of Fe (III) which lead to a deficiency in Fe (II) and affects 
photosynthesis (Alcantara et al., 1994). Cd had also shown changes to the plasma membrane 
permeability, reducing the water content in the cells (Barcelo et al., 1986; Poschenrieder et al., 
1989; Costa and Morel, 1994). 
2.4.7. Lead – Pb  
Lead’s atomic number is 82. Its symbol is Pb. Its atomic mass is 207.2. Lead is common 
in battery acid, munitions, glazes, plastic stabilizers, and lead pipes (Lead in drinking-water, 
2011). Lead used to be common in gasoline, and it has saturated the roadways and nearby land. 
Lead is another minor element common in zinc and silver ore, both of which have been mined in 
the Butte area and smelted in the Butte and Anaconda area. The approximate amount of Pb ore 
mined in the Butte operations from 1880 to 2004 totals 3.87x108 kg (Czehura, 2006). 
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Lead is not essential to life and is a poison. Acute lead levels cause dullness, restlessness, 
irritability, poor attention span, headaches, muscle tremor, abdominal cramps, kidney damage, 
hallucinations, memory loss, and encephalopathy, joint pain, gastrointestinal symptoms, 
behavioral problems, learning defects, lowered intelligence, and in children encephalopathy, 
coma, seizures, and death. After 1 to 2 years of chronic exposure, symptoms also include 
lowered psychometric scores, mood disturbances, and symptoms of peripheral neuropathy. Lead 
affects the reproductive organs in men causing gonadal dysfunction and decreased sperm count. 
In pregnant women Pb can lead to miscarriage, premature delivery and minor malformations of 
the babies including angiomas, hydrocele, delayed sexual maturity, and brain damage (Lanphear 
et al., 2003; Wani et al., 2015; Lead in drinking-water, 2011).  
In most plant species toxic Pb levels cause stunted growth, stunted root growth, chlorosis, 
and seed germination inhibition (Sharma and Dubey, 2005). The metabolic processes that Pb 
toxicity disrupts include restricted enzyme activity, water imbalance, changed hormone levels, 
and change in membrane permeability (Sharma and Dubey, 2005). Lead causes a decline in the 
enzyme activity responsible for chlorophyll synthesis, CO2 fixation and hydration, N2 and NO3
- 
reduction, and increase in enzyme activity resulting in the destruction of superoxide ions and 
H2O2 (Seregin and Ivanov, 2001).  
2.5. Hypotheses  
This thesis investigates the association between metal concentrations and sample 
location, plant part and soil, and distance from Silver Bow Creek and the Upper Clark Fork 
River. Logically the contaminated site should contain higher metal and arsenic concentrations 
and the control site should contain the lowest metal and arsenic concentrations. The samples 
collected should have more metal and arsenic concentrations in the core and soil than in the 
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aerial plant and roots. Considering the contamination of SBC, samples collected on a transect 
from the bank should reveal higher metal and arsenic concentrations closer to the creek. Listed 
below, the hypotheses each show a gradient of metal concentration:  
 Location: contaminated > restored > twice restored > control 
 core > soil > aerial plant > roots 
 near > far from the creek  
The Butte area still contains contamination from over a century of mining, with early 
operations having little to no regard for the environmental impact of the mining or the waste 
produced. The EPA is in the process of restoring the Butte area. However, the process will take 
years and may require several restorations in some areas. One way to aid in environmental 
recovery is using plants as phytoremediators. Basin wildrye is native to the area and known for 
its tolerance of Mn and As (Knudson et al., 2003; Paschke et al., 2005). Some elements in the 
study areas are at hazardous concentrations and can cause severe health consequences for the 
environment and humans. The purpose of this study is to determine the metal content of the 
basin wildrye in areas with different levels of restoration, as well as determine the applicableness 
of basin wildrye as a phytoremediator in the Butte Silver Bow Area and the Upper Clark Fork 
Area through analysis of aerial plant, root, soil, and sediment core samples. This study provides a 





3.1. Sample Selection 
The sampling locations were chosen to obtain a range of characteristics; specifically, 
contaminated, restored, and control. A location with restoration done twice was also sampled. 
This twice restored location needed a second restoration due to high copper salts appearing after 
the first restoration was complete. The sampling of this location gave a second restored location 
and the issues after the first restoration may indicate that the restoration practices were not strict 
enough during the first action.  
Native plant species Leymus cinereus (basin wildrye) was representative of the plants 
growing near and up to ten meters from the creek bank. This plant was selected due to its natural 
ability to grow near the creek and up to 23 meters from the creek, allowing for consistent 
sampling between different locations. Basin wildrye was also chosen because it is native and 
leafy, which tends to collect more metals and metalloids (Mapanda et al., 2007; Sharma, 2007; 
Arora et al., 2008; Tiwari et al., 2011; Ali and Al-Qahtani, 2012; Mahmood and Malik, 2014; 
Hadayat et al., 2018). Samples were collected in early July and early August as this is the peak 
of the growing season and the plants are not likely to be storing nutrients in their roots for winter. 
This was postulated but not confirmed with periodic collection and analysis of plants.  
Sampling locations were selected to achieve a range of conditions. All locations except 
the control, Hay Canyon (control), were exposed to the mining waste and historic floods. The 
Warm Springs location is contaminated and has not yet been restored. This area is downstream 
of the Warm Springs settling ponds. The Fish Wildlife and Parks has set up fish kill experiments 
in this location to determine the habitability of the river. The soil at all sample sites at this 
location was moist.  
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The Miles Crossing location has been restored; however local experts have shown that 
the groundwater is moving laterally through this area with high concentrations of elements of 
concern including Al, Mn, Fe, Cu, Zn, As, and Cd (Gammons and McGivern, 2010). The 
groundwater is also suspected to be seeping into the creek, bringing with it metals and other 
contaminants. This location is full of basin wildrye and willows by the stream bank. Miles 
Crossing is located in a wide valley with an apparent flood plain extending past 30 m from the 
creek bank. The soil at all sample sites at this location had high water content, with several ponds 
of suspected standing groundwater.  
The Santa (twice restored, July) location has been restored twice, due to slickens 
appearing after the first restoration effort. This location also has a large flood plain, but it only 
extends about 30 m from the creek bank at the spot sampled. This location also has willows 
along the creek bank, and a wide array of grasses. This location is one of the trailheads for the 
Whiskey Gulch walking trail. The soil at all sample sites at this location seemed to be wet.  
The Santa (twice restored, August) location is the same as Santa (twice restored, July) 
except the samples were taken approximately one month later in August. This is because a good 
control location was not established until August. The original control location on Blacktail 
Creek near Thompson Park did not have basin wildrye near the creek and away from the road. If 
samples were taken from near the road it would have invalidated the control location for lead as 
early vehicles used leaded gasoline. The samples from Santa (twice restored, August) were 
intended to estimate the control sites’ metal levels in July using the known concentrations from 
samples collected in August. Hay Canyon concentrations in July could not be calculated as there 
was no overall trend of decreasing or increasing for each element.  
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The Hay Canyon (control) location has no history of mining and is not contaminated and 
has never been contaminated, as far as is known. This location is on the east side of the 
continental divide on the Whitetail Deer Creek (WDC), whereas the other samples locations are 
on the west side on SBC and UCF. This location is mostly used for free range cattle grazing. The 
location sampled was just at a transition from open rocky mountain plain to dense trees and 
shrubs near the creek. The soil at all sample sites at this location seemed to be very dry.   
3.2. Cleaning Procedures 
All trace metal clean equipment went through the same process: rinsed seven times with 
ultra-high-purity water (Millipore, 18.2MΩ·cm, 25°C) called Q water, filled to the top with 1% 
citranox (Al-conox™ Citranox™, concentrated) and soaked for 24 hours then flipped upside 
down and soaked for 24 hours. The bottle was then rinsed with Q water seven times and filled 
with 10% Hydrochloric Acid (v/v) (BAKER ANALYZED™ A.C.S. Reagent, J.T.Baker™, HCl, 
36.5 to 38.0%) and soaked for 72 hours and flipped upside down and soaked for another 72 
hours. The bottle was rinsed seven times with Q water and filled to the top with HCl solution at 
pH 2 and soaked for 72 hours and flipped upside down and soaked for 72 hours. The bottle was 
then rinsed seven times with Q water and double bagged until used. The metal geoprobe and 
PVC pipe soak in the solutions, due to the size of the pipe and the geoprobe being metal, they 
were rinsed thoroughly with the same compounds in the same order as the trace metal clean 
procedure (Cox et al., 2014, Dahlquist, 2017; Schmidt, 2017; Law, 2018).  
All glassware used was cleaned as follows: rinsed with Q water seven times, soaked in 
10% HCl for four days, rinsed seven times with Q water, and the opening covered with 
aluminum foil (shiny side into the opening). The glassware was then put in a muffle furnace at 
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450°C for four hours, the foil was left on until used in a HEPA hood (Envirco, MAC 10 original, 
Dahlquist, 2017; Schmidt, 2017; Law, 2018). 
3.3. Sample Collection 
Plant shoots, roots, and soil were collected from locations with different levels of 
restoration in a transect away from the creek bank at each location (Figure 14 and Figure 15). 
The plant samples collected consisted of a seed head and stalk with any leaves on it down to the 
roots. The plants were collected whole and later the roots were separated from the aerial plant. 
The soil was shaken off the root mass and collected in 50mL sterile Falcon tubes (Falcon 50mL 
Conical Centrifuge Tubes) and 2mL sterile centrifuge tubes (for future researchers looking at the 
microbial activity) (Thermo Scientific, 2.0mL microcentrifuge tubes low retention) and stored at 
-20°C until digested. Soil pH was obtained by placing approximately two grams of soil in a 50 
mL Flacon tube adding approximately two mL of Q water, and shaking vigorously for ten 
seconds. After 20 minutes the pH was taken (WTW ProfiLine™, Single-Parameter Portable 
Meters, pH/mV; WTW SenTix 41 pH/Temp Electrode, Epoxy Body).  
Groundwater samples were collected by pounding a 3.81 cm inner diameter PVC pipe 
into the ground approximately 30 cm with a rubber mallet, removing the pipe and checking for 
groundwater immediately and after 10 minutes. The groundwater was collected with a small cup 
scoop (Fisher brand, polyethylene ladle) and placed in a trace metal clean one-liter bottle (High 
density polyethylene Nalgene, 1 Liter).  
The sediment core samples were collected by an acid washed geoprobe being pushed into 
the ground and pulled up. The core samples were divided by visible differences in soil or by the 
different times the probe was pushed into the ground. A nitrile gloved hand was used to separate 
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the segments and remove the core from the geoprobe. Samples were collected in plastic bags 
(ELKAY PLASTICS, low density polyethylene, 8 x 8 in) and stored at -20°C until digested. 
The collection tools, garden trowel, geoprobe, and PVC pipe were rinsed thoroughly with 
Q water between each sample collection. All visible soil on the equipment was removed, this 
sometimes required using a gloved hand to brush off some soil. The pH probe was rinsed with Q 







Figure 14: Sample location map 
The white squares are the sample locations, from west to east; contaminated near Warm Springs, restored at Miles Crossing near Durant Canyon, 
twice restored at the Whiskey Gulch walking station trail head on Santa road, and control near Hay Canyon Road. The red line is the Continental 
Divide. The blue line on the west of the divide is Silver Bow Creek and the one on the east is Whitetail Deer Creek (CDNST, Montana free map, 







Figure 15: Map view schematic of approximate sample sites at each location 
3.4. Sample Preparation  
3.4.1. Homogenization Method 1 
A modified EPA method was used to digest the samples (EPA 1992; Hailer et al., 2017). 
Shoots and root samples were dried at 60°C for 48 hours promptly after collection. Then the 
shoots and roots were separated using acid rinsed scissors, brushing off any soil visible from the 
roots. A Krups coffee grinder was used to grind and homogenize the samples. The coffee grinder 
was rinsed with pH 2 HCl and Q water between every sample.  
3.4.2. Homogenization Method 2 
Samples were ground in a puck grinder for one minute with clean sand ground for one 
minute between each sample to clean the grinder. The sand used was Quikrete play sand. It was 
cleaned in an acid washed and muffled beaker. The sand was rinsed in Q water seven times, 
soaked in pH 2 for 24 hours, rinsed with Q water seven times, soaked in Q water for 6.5 hours 
and rinsed with Q water seven times. The sand was dried in an oven at 150 C for 48 hours. 
Once removed from the oven the sand was transferred to a cool beaker (also acid rinsed and 




3.4.3. Digestion Procedure 
All samples, 0.1g, were digested in 3 mL of 35% nitric acid (v/v) (originally intended to 
be 50% (v/v) but a lab error occurred and 35% (v/v) was used for all the samples) (Fisher 
Chemical Nitric Acid Trace Metal, 70% (w/w)) at 120°C for four hours with caps half on. 
Samples were removed from the hot block and allowed to cool to handling temperature, about 
two hours, before 1 mL of 30% (w/w) hydrogen peroxide was added (Ricca Chemical, Hydrogen 
Peroxide, 30% (w/w), ACS Reagent Grade) and heated at 70°C for 30 minutes. Samples were 
allowed to cool to handling temperature and filled with Q water to the 15 mL line of the 
digestion tube. A 22 µm Whatman filter paper 12.5 cm circle made of cellulose nitrate (541 
hardened ashless) was used to remove the large solid particles. The sample was then evaporated 
to visible dryness, about 24 hours directly on the hot block at 80°C, and resuspended in 46.3 ± 
0.3 mL of 1.4% nitric acid (v/v) for analysis by flame atomic absorption spectrometer (originally 
intended to be 2% (v/v) but a lab error occurred and 1.4% (v/v) was used for all the samples) 
(Flame AAS). Resuspended samples were stored at 4°C (+/- 2°C) until analyzed. The analysis 
began one week later, however, with repeated analysis of some elements, samples were analyzed 
several times up to 20 weeks later.  
3.4.4. Blanks and Triplicates 
Method blanks were vials that went through the same digest method with the samples. 
Each sample type had three digest method blanks. The samples collected totaled 15 aerial plant, 
15 root, 15 soil, and 8 core samples. Each location had one set of triplicates for the aerial plant, 
roots, and soil; two of the core samples were done in triplicate through the digest method. This 





Figure 16: Ground aerial basin wildrye 


















Figure 20: Plant and root samples evaporating to just dryness 
 
3.5. Analysis  
3.5.1. ICP-MS 
All plant aerial and root samples were analyzed by the Montana Bureau of Mines and 
Geology (MBMG) using EPA method 200.8 on a Thermo Scientific iCAP Q inductively coupled 
plasma mass spectrometer (ICP-MS). This method allowed for a lower reporting limit compared 
to the Flame AAS. Reporting limits were 0.8 ppm for all elements analyzed on the ICP-MS. 
Instrument reported data was in parts per billion (ppb) and converted to mg/kg, accounting for 
dilution and digest mass of the sample to report numbers in parts per million (ppm). Instrument 
error was reported from instrument error for each element.  
3.5.2. Flame AAS 
All samples were analyzed by the Flame AAS (iCE 3000 Series AA Spectrometer). All 
elements used an acetylene-air fuel and appropriate wavelength for the concentration of the 
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samples (Table I: The Flame AAS Methods). All methods ran the lamp current at 75% and 
measured each sample in triplicate. Errors were standard deviation of analytical triplicate. 
Approximately 1.1 mL was used per injection. Lead samples had a 3.5% nitric acid (v/v) sample 
run between every sample to reduce carry over. Standards were analyzed twice at the beginning 
of every element and once at the end, except for manganese which only had the standards 
measured once at the beginning and one at the end.  
All samples, except for method two homogenization samples, were analyzed for As using 
an acetylene – air gas. Arsenic analysis was within the dynamic range for acetylene – air mix  
(Hall, 2010). The Flame AAS used is an older model. However, before testing it received a new 
motherboard and a new acetylene inflow regulator for all elements except manganese. The 
method for Mn was tested at various wavelengths (279.5 nm, 379.5 nm, and 403.1 nm) to 
determine the best one for the expected concentrations in the samples. The 403.1 nm was used in 
this study as preliminary results indicated a lower reporting limit for the specific Flame AAS and 
type of samples. The most commonly used wavelength for the other elements of interest in this 





Figure 21: The Flame AAS (iCE 3000 Series AA Spectrometer) 
a) taking up one of the root samples, b) sample inlet port, c) flame from above, d) and e) nitrous oxide – acetylene gas mix flame.  






Table I: The Flame AAS Methods 
element wavelength (nm) slit width (nm) concentration range (ppm) 
Manganese 403.1 0.2 0.1 – 90.0 
Copper 324.7 0.5 0.1 – 12.0 
Zinc 213.9 1.0 0.1 – 6.0 
Arsenic 193.7 0.7 0.4 – 385.0 
Cadmium 228.8 0.5 0.1 – 1.0 
Lead 217.0 1.0 0.1 – 28.0 
Iron was not analyzed by Flame AAS.  
(US EPA, 2007b; Beach, 2010; Hall, 2010; Flame AAS, 2017) 
 
Standards were made to cover the range of the samples and the range that the Flame AAS 
detects (Table II). Standards were made using an auto pipette to dilute 1000 ppm stock solutions 
in muffled glass acid cleaned volumetric flasks (Ricca Chemical, Manganese (Mn) Standard for 
AAS, 1000 ppm in 2% HNO3 (w/v); Ricca Chemical, Copper (Cu) Standard for AAS, 1000 ppm 
in 2% HCl (w/v); Ricca Chemical, Zinc (Zn) Standard for AAS, 1000 ppm in 2% HNO3(w/v); 
Ricca Chemical, Arsenic (As) Standard for AAS, 1000 ppm in 2% HCl (w/v); Ricca Chemical, 
Cadmium (Cd) Standard for AAS, 1000 ppm in 2% HNO3(w/v); Ricca Chemical, Lead (Pb) 
Standard for AAS, 1000 ppm in 2% HNO3(w/v)). 25mL volumetric flasks were used to make the 
standards. The matrix for the standards was 1.4% nitric acid (v/v), made in a 1000 mL 
volumetric flask (Fisher Chemical Nitric Acid Trace Metal, 70% (w/w)), except for the As which 
had a matrix of 1.0% HCl (v/v) (BAKER ANALYZED™ A.C.S. Reagent, J.T.Baker™, HCl, 




Table II: Standards used for the Flame AAS 
element manganese copper zinc arsenic cadmium lead 
Standards (ppm) 
    0.05  
0.1 0.1 0.1 0.1 0.1 0.1 
0.5 0.5 0.5 0.5 0.5 0.5 
1.0 1.0 1.0 1.0 1.0 1.0 
    3.0  
5.0 5.0 5.0 5.0 5.0 5.0 
  6.0    
10.0 10.0 10.0 10.0 10.0 10.0 
     20.0 
50.0   50.0   
Iron was not analyzed by Flame AAS.  
 
3.6. Calculations 
The absorbance reported by the Flame AAS was converted into a concentration using a 
linear regression of the standards’ absorbance and concentration to get an equation to convert the 
samples’ absorbance to the concentrations (1). This concentration was then corrected to account 
for the dilution factor and the digest mass (2). All samples were normalized to one gram of 
sample to enable the comparison between samples of different digest masses. The slope and y-
intercept in equation (1) are determined by the standards’ absorbances graphed against the 






where Conc. is concentration, Abs. is the absorbance, b is the y intercept, and m is the slope.  






where Corrected Conc. is the corrected concentration of the sample, Conc. is the concentration 
from equation (1), Dilution is the amount of nitric acid used to resuspend the dried sample, 
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Digest mass (g) is the amount of the sample digested. The reporting limit for each element was 
calculated the same as the samples with equations (1) and (2).  
The digest method triplicates were averaged after the corrected concentration was 
determined. This is noted due to the large spread in some of the triplicate’s concentrations. The 
large range of concentrations between the triplicates is caused by the samples not being truly 
homogenous - able to pass through a 20 or 40 mesh sieve (0.841 nm or 0.420 nm) (Havlin and 
Soltanpour, 1980; Adler and Wilcox, 1985; Ippolito and Barbarick, 2000).  
Results from the ICP-MS were also calculated using (2). The error was propagated by 
calculating ICP - MS value plus the instrument error and the ICP – MS value minus the 
instrument error. The resulting numbers were averaged and the difference was the instrument 
error for the value accounting for the digest mass and dilution of the sample (Table III).  
Table III: Error propagation 
55Mn mass volume      mg/kg  mg/kg error 
  (g) (mL) µg/L error     average   
High          26.2 13.0   0.4 
          
Add error Equation 2 
  
Average 




46.3 ± 0.3 25.5 0.8 
    
12.6 
  
Low         24.7 12.2   0.4 







                  
 
The signal to noise ratio was determined by the averaged corrected concentration divided 
by the sample standard deviation of the corrected concentration (Equation 3). The minimum 
accepted signal-to-noise ratio for the purposes of this paper is two. This was determined by 
taking the square root of the number of samples averaged (three) which gives 1.73 (Equation 4). 
This was rounded to two as the signal is then twice the size of the standard deviation assuring 
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that it is above the noise. The method triplicates were held to a signal-to-noise ratio of two as 
well instead of three.  
𝑆𝑖𝑔𝑛𝑎𝑙 − 𝑡𝑜 − 𝑛𝑜𝑖𝑠𝑒 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐶𝑜𝑛𝑐.
𝑆. 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 
 (3) 
  
𝑆𝑖𝑔𝑛𝑎𝑙 − 𝑡𝑜 −  𝑛𝑜𝑖𝑠𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 =  √𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐶𝑜𝑛𝑐. 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑑 (4) 
  
The percent error between the Flame AAS and the ICP – MS was calculated with the 
equation for error.  
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 = (





where Flame AAS value is the average concentration from the Flame AAS and ICP value is the 
average concentration from the ICP – MS.  
3.7. Principal Component Analysis 
Principal Component Analysis (PCA) is a mathematical tool used to rearrange the data to 
reduce the number of variables to unrelated components and explain the variance (Sharma, 1996; 
Anderson, 2003; Glover et al., 2011). The variables become eigenvectors and the data points 
become eigenvalues, and the relationships become principal components. The first two principal 
components comprising most of the variance graph as the x and y axes. If the eigenvector arrow 
graphs horizontal, it is strongly related to the x axis principal component, if the eigenvector 
graphs vertical it is strongly related to the y axis principal component. Patterns, such as 
groupings and separations, become clearer in the PCA eigenvalues plot. No further 
standardization of the PCA values occurred as the calculations from raw instrument values to the 
reported ppm values included a normalization to per one gram of plant material or sediment. 
PCA was performed in R (Appendix F: Code and data for PCA in R). 
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3.8. Maximum Contamination Levels 
There is no blanket MCL for Mn, Fe, Cu, Zn, As, Cd, and Pb in plants so this study 
loosely applied other MCL to elemental levels in plants. Aerial plants and roots were compared 
to the DEQ – 7 circular Aquatic Life Chronic – Maximum Contamination Level (ALC – MCL) 
for all elements analyzed, except Mn (Table IV). The AL-MCL for Mn is not defined; however, 
the secondary drinking-water regulation is 0.05 ppm, based on staining and taste (Table IV) 
(Montana DEQ, 2019; US EPA NRWQH, 2020). Soil and core samples were compared to the 




















DEQ-7 Aquatic Life 
National recommended water 
quality criteria  








Mn 0.02 0.002 430 1800 0.05 - - 0.05 0.1 
Fe - 0.005 1.4 55000 0.3 - 1 - - 
Cu 0.04 0.0005 0.8 3100 1 0.00379 0.00285 1.3 - 
Zn 0.02 0.0005 6 23000 5 0.037 0.037 7.4 26 
As 0.7 0.0001 0.000052 0.68 - 0.34 0.15 0.000018 0.00014 
Cd 0.01 0.0001 0.0092 71 - 0.00049 0.00025 - - 
Pb 0.1 0.00006 0.015 400 - 0.001398 0.000545 - - 
 
All units are ppm. Values not measured denoted with a dash. Water hardness is for 25 mg/L for Cu, Zn, Cd, and Pb due to the unknown 
actual value of the groundwater at the sample locations and the unknown internal plant fluids hardness. The residential soil values are 
for zinc and compounds and Pb and compounds in place of the element alone. The Secondary drinking water MCL: Nuisance Chemicals 
is based on criteria such as coloring water, staining, odor, sediment, and taste.  (US EPA ALFQC, 2007a; US EPA RSLT, 2019; 2019; 







The first analysis used the Flame AAS at the Chemistry and Geochemistry department of 
Montana Technological University. This analysis showed the Flame AAS did not have a 
reporting limit low enough to quantify the sample concentrations in the plants and roots for the 
amount of sample digested. The second analysis of these samples at the Montana Bureau of 
Mines and Geology, using ICP-MS, achieved lower detection and reporting levels for the 
approximate 0.1 g sample digestion mass.  
Initial sample homogenization used homogenization method one (Section 3.4.1). 
Contrary to expectations, method one used for all samples initially proved unsatisfactory due to 
high triplicate variability. This initiated the re-homogenization with method two (3.4.2), 
digestion, and analysis of two of the triplicates with the worst discrepancy between samples. 
Visual comparison of the two homogenization methods showed a distinguishable difference in 
sample consistency (Figure 22). Method two showed a much-improved signal to noise ratio, 
improving from 0.3 to 7.5 (3). Signal – to – noise ratios greater than two indicated that the 
sample signal is at least twice the size of the instrument variation of replicates of the same 
sample.  
Sample collection for all locations occurred in July except for two, Hay Canyon (control) 
and Santa (twice restored, August) which occurred one month later in August. This late 
collection of the control causes a problem with direct comparison between sample locations. 
Collecting a second sample at Santa (twice restored) attempted to account for this discrepancy. 
Hay Canyon (control) estimates could not occur due to the inconsistency of the change in 






Figure 22: Homogenous sample compared to initial homogenized 
a) stokes beaked sedge homogenization level of most samples for digestion ground using a coffee grinder, b) 
and c) properly homogenized samples, ground by a puck grinder, northern wheat grass. All samples 






4.1. Flame AAS 
Initial sample analysis by the Flame AAS with approximately 0.1 g digest mass and 46.3 
± 0.3 mL resuspension volume, proved unable to detect the low metal and arsenic concentrations 
in the aerial and root plant samples. Variation in digestion masses from 0.05 to 0.30 g brought 
about the need to calculate the reporting limit for each sample, as some samples measured above 
their individual reporting limit but below the average reporting limit for all samples for that 
element (Appendix D: Data Summary). Most reporting limits cover a range < 30 ppm, except 
Mn and As, ranging over 300 ppm and 60 ppm respectively. For Mn, the 300 ppm range is due to 
the multiple sample runs and the varying standards’ trend lines used to calculate absorbances of 
the lowest standards reported through equation (1) with the sample’s dilution and digest mass. 
The outlying reporting limits are for the samples with digest masses approaching 0.30 and 0.07 g 
making the reporting limit low or high, respectively, using equation (2).  
The Mn reporting limit on the Flame AAS ranges from 5 to 350 ppm for aerial plants, 10 
to 360 ppm for roots, 10 to 300 ppm for soil, and 5 to 200 ppm for core samples (Appendix D: 
Data Summary). The reporting limit for Cu on the Flame AAS ranges from 2 to 7 ppm for aerial 
plants, 2 to 7 ppm for roots, 2 to 6 ppm for soil, and 2 to 6 ppm for core samples. The reporting 
limit for Zn on the Flame AAS ranges from 9 to 40 ppm for aerial plants, 11 to 40 ppm for roots, 
12 to 40 ppm for soil, and 9 to 30 ppm for core samples. The reporting limit for As on the Flame 
AAS ranges from 30 to 100 ppm for aerial plants, 30 to 100 ppm for roots, 30 to 90 ppm for soil, 
and 20 to 80 ppm for core samples. The reporting limit for Pb on the Flame AAS ranges from 4 
to 20 ppm for aerial plants, 5 to 20 ppm for roots, 2 to 20 ppm for soil, and 4 to 14 ppm for core 
samples. The reporting limit for Cd on the Flame AAS ranges from 5 to 13 ppm for roots, 7 to 11 
ppm for soil, and 7 to 8 ppm for core samples.  
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All aerial plant concentrations measured below detection limit (BDL) via the Flame 
AAS, except for the Zn samples (Table IX and Table XXVI). Root and soil samples measured 
BDL for As, Pb, and Cd; however, Mn, Cu, and Zn had values attained (Table V, Table VII, 
Table VIII, Table IX, Table XI, Table XII, and Appendix D: Data Summary). Core samples had 
values attained for each element of interest (Table VI, Table VIII, Table X, and Appendix D: 
Data Summary).  
Since approximately 46 mL is the necessary dilution to analyze for six elements twice 
future researchers should digest higher masses of plant matter to obtain measurements on the 
Flame AAS. A digest mass of 0.5 g resuspended in 46.3 mL will place the aerial plants, roots, 
and soils in the range of 0.5 ppm to 1.0 ppm for Mn, Cu, As, and Pb; and in the range of 1.0 to 
5.0 ppm for Zn and Cd. These masses would not make the Zn levels too high for the Flame AAS 
with the 46.3 ± 0.3 mL dilution, unless the samples are high in Zn (over 6.0 mg Zn/kg plant 
mass) which would result in samples outside of the linear range.  
4.1.1. Manganese 
The aerial plant and most of the root samples measured as BDL for Mn (Table V and 
Appendix D: Data Summary). The soil samples ranged from BDL to 550 ± 58 ppm, and the core 
samples ranged from BDL to 557 ± 4 ppm (Figure 23 and Figure 24; Table VI and Appendix D: 
Data Summary). The method blanks measured as below detection for Mn. The reporting limit for 
Mn ranged from 5 to 350 ppm for aerial plants, 10 to 359 ppm for roots, 10 to 300 ppm for soil, 
and 5 to 190 ppm for core samples (Table VI and Appendix D: Data Summary). 
Overall Mn concentrations increased with distance from the creek, from 70 to 300 ppm, a 
factor of four (Figure 23). The contaminated location showed low Mn levels compared to the 
other locations with detectable values. All measured values are below or close to the control 
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except for one Santa (twice restored, August) sample, which is about 200 ppm higher than the 
measured control value (Figure 23, blue triangle, dash dotted line). Mn core samples all 
measured less than the control, except for one Warm Springs (contaminated) sample near the 
creek (Figure 24, red triangle).  
 
 
Figure 23: Mn in soil samples versus distance from creek and pH 
Mn concentration in a) soils versus distance from the creek and b) soil pH. Values measured by the Flame 
AAS. Error bars represent standard deviation between analytical triplicates. Some error bars within the 
symbol. The Mn RS – MCL is 1,800 ppm, over triple the highest sample (Appendix C: Reporting Limits 






Figure 24: Mn in core samples 
Mn depth profiles at a distance from the creek a) Warm Springs (contaminated), b) Miles Crossing 
(restored), c) Santa (twice restored), and d) Hay Canyon (control). Values measured by the Flame AAS. 
Error bars represent standard deviation between analytical triplicates. Some error bars within the symbol. 
The Mn RS – MCL is 1,800 ppm and over double the soil samples for Mn (Appendix C: Reporting Limits 
and Maximum Contamination Levels). Estimated core depth at Warm Springs (contaminated) from field 
photos (25 cm each) (Appendix G: Field Photos). The other sample sites’ soil contained too much or too 
little moisture for photos of the cores as they readily fell out of the sampling equipment. The Miles 
Crossing (restored) and Santa (twice restored, July) core depth estimated at about 15 cm, and Hay Canyon 

















































Mn   
st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 304 BDL BDL RA10 240 BDL BDL SA16 199 BDL BDL 
Warm Springs 12.62 7.75 0.01 PB2 350 BDL BDL RB12 158 BDL BDL SB17 300 BDL BDL 
Warm Springs 15.54 7.795 0.001 PC3 64 BDL BDL RC13 156 BDL BDL SC18 276 BDL BDL 
Santa  4.57 7.806 0.009 PM21 249 BDL BDL RM28 359 BDL BDL SM33 159 69 2 
Santa  22.86 6.601 0.001 PP22 217 BDL BDL RP29 254 BDL BDL SP34 231 BDL BDL 
Santa  27.74 7.130 0.001 PQ23 203 BDL BDL RQ30 139 BDL BDL SQ35 149 BDL BDL 
Santa 2 22.86 7.161 0.005 PQQ38 87 BDL BDL RQQ42 206 BDL BDL SQQ46 11 172 9 
Santa 2 27.13 6.475 0.003 PRR39 165 BDL BDL RRR43 207 BDL BDL SRR47 12 550 58 
Miles Crossing 3.05 7.55 0.05 PW50 12 BDL BDL RW56 10 BDL BDL SW62 171 100 22 
Miles Crossing 7.62 7.43 0.01 PX51 9 BDL BDL RX57 17 BDL BDL SX63 117 170 12 
Miles Crossing 15.24 7.811 0.009 PY52 13 BDL BDL RY58 321 BDL BDL SY64 10 257 8 
Miles Crossing 19.51 7.451 0.001 PZ53 100 BDL BDL RZ59 44 120 50 SZ65 128 230 87 
Hay Canyon  3.96 5.635 0.002 PVV74 160 BDL BDL RVV79 95 BDL BDL SVV84 10 BDL BDL 
Hay Canyon  9.14 6.861 0.001 PUU73 5 BDL BDL RUU78 232 BDL BDL SUU83 209 49 5 
Hay Canyon  22.86 5.14 0.01 PSS72 217 BDL BDL RSS77 14 BDL BDL SSS82 241 300 36 




DL = detection limit, BDL = below detection limit            
Standard deviations calculated using triplicates from the Flame AAS. (Appendix C: Reporting Limits and Maximum Contamination Levels). 
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Mn st dev 
(ppm) 
Warm Springs 4.572 7.25 0.02 CE6A 13 BDL BDL 
Warm Springs 4.572 7.25 0.02 CE6B 9 58 5 
Warm Springs 4.572 7.25 0.02 CE6C 11 552 4 
Warm Springs 15.5448 7.795 0.001 CF7A 195 BDL BDL 
Warm Springs 15.5448 7.795 0.001 CF7 6 450 59 
Warm Springs 15.5448 7.795 0.001 CF7C 190 BDL BDL 
Miles Crossing 4.572 7.55 0.05 CBB68A** 112 70 26 
Miles Crossing 4.572 7.55 0.05 CBB68B** 143 500 411 
Miles Crossing 19.5072 7.451 0.001 CCC71A 111 100 20 
Miles Crossing 19.5072 7.451 0.001 CCC71B 8 215 5 
Santa 4.572 7.806 0.009 CR26A 5 159 2 
Santa 4.572 7.806 0.009 CR26B 102 180 18 
Santa 22.86 6.601 0.001 CS27A 134 70 27 
Santa 22.86 6.601 0.001 CS27B 5 316 4 
Hay Canyon 3.9624 5.635 0.002 CWW88A 146 330 12 
Hay Canyon 3.9624 5.635 0.002 CWW88B 10 490 12 
Hay Canyon 22.86 5.14 0.01 CTT87A 6 331 2 
Hay Canyon 22.86 5.14 0.01 CTT87B 8 289 6 
EPA Residential Soil MCL 1800 
DL = detection limit, BDL = below detection limit    
** soil pH from SW62 used as core sample pH, core was taken between two samples. Standard deviations 





The Flame AAS did not detect any copper in any of the aerial plants and only in two root 
samples (Table VII and Appendix D: Data Summary). The soil samples ranged from BDL to 
356.0 ± 0.8 ppm, core samples ranged from BDL to 1,790 ± 75 ppm (Figure 25 and Figure 26, 
Table VII, Table VIII, and Appendix D: Data Summary). The method blanks measured as below 
detection for Cu. The reporting limit for Cu ranged from 2 to 7 ppm for aerial plants, 2 to 7 ppm 
for roots, 2 to 6 ppm for soil, and 2 to 6 ppm for core samples (Table VII, Table VIII, and 
Appendix D: Data Summary). 
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Cu concentrations increased with increased distance from the bank, from 14 to 180 ppm, 
a factor of 12 (Figure 25). The contaminated location had high Cu levels compared to the 
restored, twice restored, and control locations (Figure 25). The core samples also showed high 
Cu concentrations at the control location (Figure 26).  
 
 
Figure 25: Cu in soil samples versus distance from the creek and pH 
a) Cu concentration in soils versus distance from the creek, b) same as a) except for Cu 
concentration ranging 0 to 60 ppm, and c) soil Cu concentrations versus soil pH. Values measured 
by the Flame AAS. Error bars represent standard deviation between analytical triplicates. Some 
error bars within the symbol. The RS – MCL for Cu is 3,100 ppm which is almost eight times the 
highest samples Cu concentration off the graph (Appendix C: Reporting Limits and Maximum 





Figure 26: Cu in core samples 
Cu depth profiles at a distance from the creek a) Warm Springs (contaminated), b) Miles Crossing 
(restored), c) Santa (twice restored), and d) Hay Canyon (control). Cu depth profiles to 130 ppm at a 
distance from the creek e) Warm Springs (contaminated), f) Miles Crossing (restored), g) Santa (twice 
restored), and h) Hay Canyon (control). Values measured by the Flame AAS. Error bars represent 
standard deviation between analytical triplicates. Some error bars within the symbol. The RS – MCL for 
Cu is 3,100 ppm off the graph (Appendix C: Reporting Limits and Maximum Contamination Levels). 
Estimated core depth at Warm Springs (contaminated) from field photos (25 cm each) (Appendix G: Field 
Photos). The other sample sites’ soil contained too much or too little moisture for photos of the cores as 
they readily fell out of the sampling equipment. The Miles Crossing (restored) and Santa (twice restored, 
July) core depth estimated at about 15 cm, and Hay Canyon (control) samples are estimated to be slightly 
















































Cu   
st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 6 BDL BDL RA10 5 14.1 0.2 SA16 4 195 1 
Warm Springs 12.62 7.75 0.01 PB2 7 BDL BDL RB12 3 BDL BDL SB17 6 356 1 
Warm Springs 15.54 7.795 0.001 PC3 4 BDL BDL RC13 4 BDL BDL SC18 6 120 16 
Santa  4.57 7.806 0.009 PM21 5 BDL BDL RM28 7 BDL BDL SM33 3 14.2 0.5 
Santa  22.86 6.601 0.001 PP22 5 BDL BDL RP29 5 BDL BDL SP34 5 BDL BDL 
Santa  27.74 7.130 0.001 PQ23 4 BDL BDL RQ30 4 BDL BDL SQ35 5 46 9 
Santa 2 22.86 7.161 0.005 PQQ38 2 BDL BDL RQQ42 4 BDL BDL SQQ46 4 62 1 
Santa 2 27.13 6.475 0.003 PRR39 3 BDL BDL RRR43 4 BDL BDL SRR47 4 180 15 
Miles Crossing 3.05 7.55 0.05 PW50 4 BDL BDL RW56 4 BDL BDL SW62 4 6.0 0.3 
Miles Crossing 7.62 7.43 0.01 PX51 3 BDL BDL RX57 6 BDL BDL SX63 2 BDL BDL 
Miles Crossing 15.24 7.811 0.009 PY52 5 BDL BDL RY58 7 BDL BDL SY64 4 14.1 0.3 
Miles Crossing 19.51 7.451 0.001 PZ53 3 BDL BDL RZ59 2 BDL BDL SZ65 3 BDL BDL 
Hay Canyon  3.96 5.635 0.002 PVV74 4 BDL BDL RVV79 5 BDL BDL SVV84 2 BDL BDL 
Hay Canyon  9.14 6.861 0.001 PUU73 2 BDL BDL RUU78 5 BDL BDL SUU83 4 BDL BDL 
Hay Canyon  22.86 5.14 0.01 PSS72 5 BDL BDL RSS77 5 BDL BDL SSS82 5 9 1 




DL = detection limit, BDL = below detection limit            
Standard deviations calculated using triplicates from the Flame AAS. (Appendix C: Reporting Limits and Maximum Contamination Levels). 
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Cu st dev 
(ppm) 
Warm Springs 4.572 7.25 0.02 CE6A 5 866 8 
Warm Springs 4.572 7.25 0.02 CE6B 2 545 3 
Warm Springs 4.572 7.25 0.02 CE6C 3 1032 4 
Warm Springs 15.5448 7.795 0.001 CF7A 4 270 82 
Warm Springs 15.5448 7.795 0.001 CF7B* 1 1790 75 
Warm Springs 15.5448 7.795 0.001 CF7C * 6 420 133 
Miles Crossing 4.572 7.55 0.05 CBB68A** 2 14 3 
Miles Crossing 4.572 7.55 0.05 CBB68B** 3 70 17 
Miles Crossing 19.5072 7.451 0.001 CCC71A 2 9.0 0.4 
Miles Crossing 19.5072 7.451 0.001 CCC71B 3 BDL BDL 
Santa 4.572 7.806 0.009 CR26A 2 101.9 0.5 
Santa 4.572 7.806 0.009 CR26B 2 54.1 0.5 
Santa 22.86 6.601 0.001 CS27A 3 13.0 0.2 
Santa 22.86 6.601 0.001 CS27B 2 27.4 0.2 
Hay Canyon 3.9624 5.635 0.002 CWW88A 3 5.2 0.3 
Hay Canyon 3.9624 5.635 0.002 CWW88B 3.7 3.8 0.7 
Hay Canyon 22.86 5.14 0.01 CTT87A 2 30.1 0.4 
Hay Canyon 22.86 5.14 0.01 CTT87B 3 17.0 0.4 
EPA Residential Soil MCL 3100 
DL = detection limit, BDL = below detection limit    
** soil pH from SW62 used as core sample pH, core was taken between two samples. Standard deviations 





Zinc content overall decreased with increased distance from the bank (Figure 27). The 
Flame AAS measured Zn content for one aerial plant sample. The zinc aerial plant samples 
ranged from BDL to 36 ± 9 ppm (Figure 27 a and d, Table IX, and Appendix D: Data Summary). 
The root samples ranged from BDL to 251.8 ± 0.8 ppm (Figure 27 b and e, Table IX, and 
Appendix D: Data Summary). The soil samples ranged from BDL to 520 ± 97 ppm (Figure 27 c 
and f, Table IX, and Appendix D: Data Summary). The core samples ranged from 56.1 ± 0.4 to 
1,311 ± 2 ppm (Figure 28, Table X, and Appendix D: Data Summary). The method blanks 
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measured as below detection for Zn. The reporting limit for Zn ranges from 9 to 40 ppm for 
aerial plants, 11 to 40 ppm for roots, 12 to 40 ppm for soil, and 9 to 30 ppm for core samples 
(Table X, and Appendix D: Data Summary). 
Most of the aerial plant samples were BDL for Zn on the Flame AAS. The root samples 
overall decreased with increased distance from the bank, from 450 to 40 ppm, a factor of 11 
(Figure 27). Roots at Santa (twice restored, July) had higher Zn content than roots at Warm 
Springs (contaminated) (Figure 27b, e). All the Hay Canyon (control) samples measured lower 
than almost all other samples for Zn. The Warm Springs (contaminated) showed a steeper 
decline in Zn concentration than Santa (twice restored, August), Santa (twice restored, July), and 
Hay Canyon (control), whereas Miles Crossing (restored) alternates direction rather than only 
declining. The soil concentration decreased with increased distance from the bank at Warm 
Springs (contaminated) and Miles Crossing (restored). Santa (twice restored, August) showed the 
opposite trend with increased concentrations with increased distance from the bank. The Warm 
Springs (contaminated) soil core samples measured three to ten times higher Zn content than the 
other locations except for Miles Crossing (restored) at 4.5 meters from the creek. All other 





Figure 27: Zn versus distance from the creek and pH 
Zn concentration versus distance from the creek a) root, and b) soils. Zn concentrations in samples over 
pH c) root, and d) soils. Values measured by the Flame AAS. Error bars represent standard deviation 
between analytical triplicates. Some error bars within the symbol. In a), b), d), and e) the AL – MCL for 
Zn is 0.037 ppm which graphs on the x axis, all samples above BDL are above the AL – MCL as the 
detection limits at the lowest is still 9 ppm. In c) and f) the RS – MCL for Zn is 23,000 ppm, off the graph 





Figure 28: Zn in core samples. 
Zn depth profiles at a distance from the creek a) Warm Springs (contaminated), b) Miles Crossing 
(restored), c) Santa (twice restored), and d) Hay Canyon (control). Zn depth profiles to 500 ppm at a 
distance from the creek e) Warm Springs (contaminated), f) Crossing (restored), g) Santa (twice restored), 
and h) Hay Canyon (control). Values measured by the Flame AAS. Error bars represent standard 
deviation between analytical triplicates. Some error bars within the symbol. The RS – MCL for Zn is 
23,000 ppm more than ten times the highest samples, off the graphs (Appendix C: Reporting Limits and 
Maximum Contamination Levels). Field photos of the Warm Springs (contaminated) estimated the depth 
of the core (25 cm each) (Appendix G: Field Photos). The other sample sites’ soil contained too much or too 
little moisture for photos of the cores as they readily fell out of the sampling equipment. The Miles 
Crossing (restored) and Santa (twice restored, July) core depth estimated at about 15 cm, and Hay Canyon 

















































Zn   
st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 31 BDL BDL RA10 25 137 1 SA16 21 448 2 
Warm Springs 12.62 7.75 0.01 PB2 36 BDL BDL RB12 16 72 1 SB17 31 469 3 
Warm Springs 15.54 7.795 0.001 PC3 18 BDL BDL RC13 20 BDL BDL SC18 29 280 27 
Santa  4.57 7.806 0.009 PM21 26 BDL BDL RM28 37 240 2 SM33 16 126 1 
Santa  22.86 6.601 0.001 PP22 23 BDL BDL RP29 26 38.3 0.5 SP34 24 66.0 0.5 
Santa  27.74 7.13 0.001 PQ23 21 BDL BDL RQ30 19 180 89 SQ35 22 250 43 
Santa 2 22.86 7.161 0.005 PQQ38 9 BDL BDL RQQ42 21 252 1 SQQ46 20 268 1 
Santa 2 27.13 6.475 0.003 PRR39 17 36 9 RRR43 21 220 60 SRR47 22 520 97 
Miles Crossing 3.05 7.55 0.05 PW50 22 BDL BDL RW56 18 47.4 0.2 SW62 18 177 1 
Miles Crossing 7.62 7.43 0.01 PX51 16 BDL BDL RX57 32 153 1 SX63 12 58.0 0.4 
Miles Crossing 15.24 7.811 0.009 PY52 23 BDL BDL RY58 33 52.3 0.1 SY64 18 133 1 
Miles Crossing 19.51 7.451 0.001 PZ53 17 BDL BDL RZ59 11 60 18 SZ65 16 90 35 
Hay Canyon  3.96 5.635 0.002 PVV74 22 BDL BDL RVV79 24 40 17 SVV84 36 BDL BDL 
Hay Canyon  9.14 6.861 0.001 PUU73 9 BDL BDL RUU78 24 34.2 0.1 SUU83 22 BDL BDL 
Hay Canyon  22.86 5.14 0.01 PSS72 23 BDL BDL RSS77 26 BDL BDL SSS82 25 39 1 




DL = detection limit, BDL = below detection limit            
Standard deviations calculated using triplicates from the Flame AAS. (Appendix C: Reporting Limits and Maximum Contamination Levels). 
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Zn   
st dev 
(ppm) 
Warm Springs 4.572 7.25 0.02 CE6A 24 1312 2 
Warm Springs 4.572 7.25 0.02 CE6B 10 591 1 
Warm Springs 4.572 7.25 0.02 CE6C 17 961 2 
Warm Springs 15.545 7.795 0.001 CF7A 20 320 100 
Warm Springs 15.545 7.795 0.001 CF7B* 202 1250 224 
Warm Springs 15.545 7.795 0.001 CF7C * 29 1190 278 
Miles Crossing 4.572 7.55 0.05 CBB68A** 12 84 6 
Miles Crossing 4.572 7.55 0.05 CBB68B** 15 350 76 
Miles Crossing 19.507 7.451 0.001 CCC71A 11 113.4 0.8 
Miles Crossing 19.507 7.451 0.001 CCC71B 14 83.6 0.6 
Santa 4.572 7.806 0.009 CR26A 9 384 2 
Santa 4.572 7.806 0.009 CR26B 11 288.8 0.4 
Santa 22.86 6.601 0.001 CS27A 14 70.1 0.7 
Santa 22.86 6.601 0.001 CS27B 9 117.7 0.7 
Hay Canyon 3.9624 5.635 0.002 CWW88A 15 56.1 0.5 
Hay Canyon 3.9624 5.635 0.002 CWW88B 18 62.4 0.8 
Hay Canyon 22.86 5.14 0.01 CTT87A 10 89.6 0.8 
Hay Canyon 22.86 5.14 0.01 CTT87B 14 57.8 0.4 
EPA Residential Soil MCL 23000 
DL = detection limit, BDL = below detection limit    
** soil pH from SW62 used as core sample pH, core was taken between two samples. Standard deviations 





The arsenic in the aerial, root, and soil of the plant measured as BDL on the Flame AAS 
(Appendix D: Data Summary). The core samples showed three with values above the reporting 
limit (Table XI and Appendix D: Data Summary). All sample raw absorbances had the average 
absorbance of the method blanks subtracted, as the method blanks measured values for As. The 
reporting limit for As ranged from 30 to 100 ppm for aerial plants, 30 to 100 ppm for roots, 30 to 
90 ppm for soil, and 20 to 80 ppm for core samples (Table XI and Appendix D: Data Summary). 
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High digest method blanks accounted for 79 to 87% of the sample’s raw absorbance. The 
digest blanks measured 0.003 abs; the 0.1 ppm standard measured 0.003 abs; the samples 
measured about 0.005 abs. After the subtraction of the blanks absorbance most samples 
measured below the lowest standard. The digest method blanks for root, soil, and core samples 
showed an increasing absorbance as the analysis progressed, indicating drifting of the Flame 
AAS. The blanks read high in As due to the Whatman filter paper and the fume hood used for 
acid digestion. The filters measured showed 0.2 to 0.6 ppm As, which increased to 0.6 to 1.0 
ppm after exposed in the fume hood for 50 hours. The measured As increase would likely be 
greater if the water had more interaction with the air in the fume hood, such as pouring.  
Two of the As triplicates measured BDL for one of the digest method replicates. The 
other two replicates measured values. The third triplicate had a lower digest mass under the 
threshold for the Flame AAS. The BDL replicates of the triplicates were removed and only 
reported as duplicates.  
Table XI: As concentration in samples detected by the Flame AAS 









CE6B Warm Springs middle  4.572 329 32 
CF7B** Warm Springs middle  15.5448 79 36 
CF7C** Warm Springs bottom  15.5448 381 100 
** duplicates used instead of the triplicates that were analyzed 
 
Standard deviation calculated using triplicates from the Flame AAS analysis. The RS – MCL for As is 0.68 
ppm which is orders of magnitude lower than the three samples measured (Appendix C: Reporting Limits 
and Maximum Contamination Levels). Field photos of the Warm Springs (contaminated) estimated the 
depth of the core (25 cm each) (Appendix G: Field Photos). The cores reporting As came from the middle 
and bottom of the core samples. The position on core middle represents about 5 to 15 cm from the ground 
surface, and bottom represents about 15 to 25 cm from the ground surface.  
 
4.1.5. Cadmium 
Low Cd levels expected in the sample areas lead to only measuring Cd for ten samples 
high in Zn (a variety of concentrations above 100 ppm) as they have similar properties being in 
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the same group on the periodic table. All samples high in Zn read BDL for Cd (Appendix D: 
Data Summary). The reporting limit for Cd on the Flame AAS ranges from 5 to 13 ppm for 
roots, 7 to 11 ppm for soil, and 7 to 8 ppm for core samples (Appendix D: Data Summary). Cd 
concentrations may have been too low for the digested sample size and resuspension volume to 
be detectable by the Flame AAS.  
4.1.6. Lead 
The lead measured BDL for all aerial plant, root, and soil samples (Appendix D: Data 
Summary). Two core samples from the contaminated location measured above the reporting 
limit of the instrument (Table XII). The core samples came from the middle or bottom section of 
the cores. The method blanks measured as below detection for Pb. The reporting limit for Pb 
ranges from 4 to 20 ppm for aerial plants, 5 to 20 ppm for roots, 2 to 20 ppm for soil, and 4 to 14 
ppm for core samples (Appendix D: Data Summary). 












CE6B Warm Springs 4.6 middle 295 4 
CF7B Warm Springs 15.5 middle 93 7 
CF7C Warm Springs 15.5 bottom 266 5 
CF8C Warm Springs 15.5 bottom 115 6 
 
Standard deviations calculated using triplicates from the Flame AAS. The RS – MCL for Pb is 400 which is 
higher than the four samples measured (Appendix C: Reporting Limits and Maximum Contamination 
Levels). Field photos of the Warm Springs (contaminated) estimated the depth of the core (25 cm each) 
(Appendix G: Field Photos). The cores from reporting Pb were from the middle and bottom of the core 
samples collected. The position on core middle represents about 5 to 15 cm from the ground surface, and 
bottom represents about 15 to 25 cm from the ground surface. Triplicates CF7C, CF8C, and CF9C had the 
last sample measured BDL, not shown.  
 
4.1.7. Triplicates 
The digest method included a triplicate at each location for each sample type. 
Homogenizing the samples in a coffee grinder did not produce truly homogenous samples. The 
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Zn triplicates showed this most clearly, the worst spanning over 500 ppm (Figure 29d, Warm 
Springs-c, yellow bar, Table IX, Table X, and Appendix D: Data Summary). Without proper 
sample homogenization before dividing for digest, the triplicates are vastly different. A truly 
homogenous sample would pass through a 20 or 40 mesh sieve (Figure 22) (Havlin and 
Soltanpour, 1980; Adler and Wilcox, 1985; Ippolito and Barbarick, 2000). 
 
 
Figure 29: Zn triplicates at all locations 
Zn concentration a) aerial plants triplicates, b) root plants triplicates, c) soil triplicates, and d) core 
triplicates. Zn digest method triplicates revealed poor homogenization achieved with the coffee grinder. Y 
axis scales are different for each graph. Values measured by the Flame AAS. Error bars represent 
standard deviation between analytical triplicates. Some error bars within the symbol. In a) and b) the AL – 
MCL for Zn is 0.037 ppm which graphs on the x axis, all samples above BDL are above the AL – MCL as 
the detection limits at the lowest is still 9 ppm. In c) and d) the RS – MCL for Zn is 23,000 ppm which is off 






Further analysis of aerial and root plant samples by inductively coupled plasma – mass 
spectroscopy (ICP – MS) at the same digest mass, 0.1 g, and resuspension volume, 46.3 ± 0.3 
mL, achieved lower reporting limits, in the range of ppb for all elements analyzed (Appendix C: 
Reporting Limits and Maximum Contamination Levels). This instrument yielded detectable 
values for all sample types and elements analyzed, except for nine of the aerial plant samples for 
Cd and one aerial plant sample for lead. All elements of interest were analyzed by ICP - MS. 
Errors were instrumental error calculated to average digest weight (0.1 g) and dilution (46.3 mL 
resuspension and up to 10 mL for instrumental dilution) of the samples.  
4.2.1. Manganese 
The strain of basin wildrye collected and naturally found in the study area contained 
noticeable Mn concentrations, from 5 to 350 ppm (Figure 30 and Table XIII). However, a study 
over the whole summer would be necessary to determine if the plants are taking up and 
phytovolatilizing the Mn and potentially decreasing Mn in the soil. This could be occurring as 
the one-month time difference between repeated samples at Santa (twice restored) location 
showed a notable difference in Mn values in the aerial plants and roots.  
All locations showed a trend of decreased Mn concentration with increased distance from 
the creek for aerial plant mass with two exceptions, the control location and the restored location 
(Figure 30, Hay Canyon - black hexagons; Miles Crossing - pink squares). The root plant mass 
also showed a trend of decreased Mn with increased distance from the creek with a few 
exceptions, notably the restored location and the twice restored location, from 120 to 30 ppm, a 
factor of 4.5 (Figure 30, Miles Crossing - pink squares, Santa - blue stars). Restored locations 
68 
 
had the highest Mn concentrations with similar levels to the control. The contaminated location 
had the lowest Mn concentrations (Figure 30, Table XIII, and Appendix D: Data Summary).  
Mn does not have a DEQ-7 acute aquatic life – MCL published. In place of an AL – 
MCL this study utilizes the national recommended water quality criteria (NRWQC) for human 
health consumption of water and organism (HHWO) (0.05 ppm). This value is in the same order 
of magnitude as the Zn AL – MCL (0.037 ppm), justifying its use. The HHWO is lower than all 
aerial plant and root samples, demonstrating the poor applicability of the HHWO, as basin 
wildrye requires more Mn than aquatic organisms and humans. The control location (Hay 
Canyon, black hexagons) had a lower pH then anticipated for two of the samples (Figure 30). 
The pH measured indicated soil almost too acidic for most plant species to grow (about pH of 






Figure 30: Mn in aerial plant and root versus distance from the creek and pH 
Mn in a) aerial plant versus distance from creek, b) roots versus distance from creek, c) aerial plant versus 
pH, and d) root versus pH. Overall decreasing Mn concentration in the aerial and root plant with 
increasing distance from the creek, and the inverse for soils. Values from ICP - MS, error bars represent 
instrument error calculated to sample digest weight and dilution. Some error bars within the symbol. Mn 
does not have an AL – MCL published. In place of an AL – MCL this study utilizes HHWO (0.05 ppm) 
(Appendix C: Reporting Limits and Maximum Contamination Levels). This value is in the same order of 
magnitude as the Zn AL – MCL (0.037 ppm), justifying its use. This 0.05 ppm graphs on the x axis 





















Mn st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 14.6 0.4 RA10 26 1 
Warm Springs 12.62 7.75 0.01 PB2 11.2 0.3 RB12 15.5 0.5 
Warm Springs 15.54 7.795 0.001 PC3 11.1 0.3 RC13 24 1 
Santa  4.57 7.806 0.009 PM21 69 2 RM28 200 6 
Santa  22.86 6.601 0.001 PP22 15.7 0.5 RP29 30 1 
Santa  27.74 7.130 0.001 PQ23 12.7 0.4 RQ30 242 7 
Santa 2 22.86 7.161 0.005 PQQ38 5.7 0.2 RQQ42 51 2 
Santa 2 27.13 6.475 0.003 PRR39 5.1 0.2 RRR43 47 1 
Miles Crossing 3.05 7.55 0.05 PW50 18.2 0.5 RW56 24 1 
Miles Crossing 7.62 7.43 0.01 PX51 29.4 0.9 RX57 120 4 
Miles Crossing 15.24 7.811 0.009 PY52 25.0 0.7 RY58 162 5 
Miles Crossing 19.51 7.451 0.001 PZ53 18.2 0.5 RZ59 350 11 
Hay Canyon  3.96 5.635 0.002 PVV74 12.7 0.4 RVV79 117 4 
Hay Canyon  9.14 6.861 0.001 PUU73 35 1 RUU78 98 3 
Hay Canyon  22.86 5.14 0.01 PSS72 19.9 0.6 RSS77 44 1 
EPA Aquatic Life MCL (ppm) 0.05 0.05 
Reporting Limit (ppm) 0.8 0.8 
 
Standard deviations calculated using instrumental error from ICP – MS and averaged sample digest weight and dilution. Reporting limit calculated 




Noticeable Fe content occurred in the strain of basin wildrye collected in the study area. 
All locations showed a trend of decreased Fe concentrations with increased distance from the 
creek for aerial plant mass, except for one of the restored locations, from 420 to 150 ppm, a 
factor of three (Figure 31, Miles Crossing - pink squares, Table XIV, and Appendix D: Data 
Summary). The roots increased in Fe concentration with increased distance from the creek, 
except for the control location, from 1,800 to estimated 101,000 ppm, a factor of 58 (Figure 31, 
Hay Canyon - black hexagons). The ALC - MCL is one ppm, all aerial plant and root samples 
are higher, demonstrating the poor applicability of the ALC - MCL, as basin wildrye contains 
more Fe than the ALC - MCL. The root sample at Warm Springs (contaminated) at ten meters 
from the creek and the Miles Crossing at 20 meters from the creek are above the linear range of 
the instrument and therefore an estimate. A more accurate analysis requires dilution or 





Figure 31: Fe in aerial and root plants versus distance from the creek and pH 
Fe in a) aerial plant versus distance from creek, b) root versus distance from creek, c) same as b) except for 
the concentration going to 12,000 ppm, d) aerial plant over pH, e) root over pH, and f) same as e) except 
for the concentration going to 12,000 ppm. Overall decreasing Fe concentrations in the aerial and root 
plant with increasing distance from the creek, and the inverse for soils. Values from ICP - MS, error bars 
represent instrument error calculated to sample digest weight and dilution. Some error bars within the 
symbol. The samples at Warm Springs (10.3 m) and Miles Crossing (19.5 m) in b), c), e), and f) measured 
above the linear range and are estimated. The ALC-MCL is one ppm graphing on the x axis, all aerial and 
























Fe st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 420 105 RA10 *4000 1011 
Warm Springs 12.62 7.75 0.01 PB2 290 72 RB12 3200 1591 
Warm Springs 15.54 7.795 0.001 PC3 200 52 RC13 7900 3954 
Santa  4.57 7.806 0.009 PM21 230 57 RM28 2300 1126 
Santa  22.86 6.601 0.001 PP22 170 43 RP29 1380 689 
Santa  27.74 7.130 0.001 PQ23 130 32 RQ30 6300 3151 
Santa 2 22.86 7.161 0.005 PQQ38 180 44 RQQ42 3900 1950 
Santa 2 27.13 6.475 0.003 PRR39 150 39 RRR43 2200 1109 
Miles Crossing 3.05 7.55 0.05 PW50 180 45 RW56 1750 875 
Miles Crossing 7.62 7.43 0.01 PX51 400 100 RX57 17600 8794 
Miles Crossing 15.24 7.811 0.009 PY52 680 170 RY58 20100 10039 
Miles Crossing 19.51 7.451 0.001 PZ53 470 117 RZ59 *101000 50540 
Hay Canyon  3.96 5.635 0.002 PVV74 230 56 RVV79 7000 3460 
Hay Canyon  9.14 6.861 0.001 PUU73 120 29 RUU78 4500 2268 
Hay Canyon  22.86 5.14 0.01 PSS72 150 38 RSS77 480 239 
EPA Aquatic Life MCL 1 1 
Reporting Limit 10 20 
 
* indicates samples that measured above the ICP – MS linear range. Standard deviations calculated using instrumental error from ICP – MS and 
averaged sample digest weight and dilution. Reporting limit calculated using averaged digest weight (0.1 g) and dilution (46.3 mL). (Appendix C: 




The strain of basin wildrye collected and found naturally at the study locations had Cu 
concentrations from one to 70 ppm (Figure 32 and Table XV). A study over the whole summer 
may be necessary to determine if the plants are taking up and phytovolatilizing the Cu and 
potentially decreasing the Cu in the soil. The data showed increased soil Cu concentration over 
the one-month difference in collections at the twice-restored location, making phytovolatilization 
unlikely (Figure 32 Santa July - blue star, and August – triangle, Table XV, and Appendix D: 
Data Summary).  
The overall aerial plant exhibited decreased Cu concentration with increased distance 
from the creek, from seven to one ppm, a factor of seven (Figure 32). The roots overall 
conversely increased slightly in Cu concentration with increased distance from the creek, from 
0.2 to two ppm, a factor of ten. The aerial and root plant samples demonstrated a gradient of 
relative Cu concentrations, Warm Springs (contaminated) had the highest with Miles Crossing 
(restored), Santa (twice restored, July), and Santa (twice restored, August) in the middle and Hay 






Figure 32: Cu concentrations versus distance from the creek bank and pH 
Cu in a) aerial plant over distance from creek, b) root over distance from creek, c) aerial plant over pH, 
and d) root over pH. Values from ICP - MS, error bars represent instrument error calculated to sample 
digest weight and dilution. Some error bars within the symbol. The Cu AL – MCL is 0.004 ppm which 
graphs on the x axis, all samples are above this limit (Appendix C: Reporting Limits and Maximum 























Cu st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 7.1 0.3 RA10 67 3 
Warm Springs 12.62 7.75 0.01 PB2 8.2 0.3 RB12 27 1 
Warm Springs 15.54 7.795 0.001 PC3 5.7 0.2 RC13 50 2 
Santa  4.57 7.806 0.009 PM21 6.9 0.3 RM28 21.0 0.8 
Santa  22.86 6.601 0.001 PP22 4.1 0.2 RP29 7.5 0.3 
Santa  27.74 7.130 0.001 PQ23 3.5 0.1 RQ30 23.5 0.9 
Santa 2 22.86 7.161 0.005 PQQ38 1.8 0.1 RQQ42 17.9 0.7 
Santa 2 27.13 6.475 0.003 PRR39 2.0 0.1 RRR43 17.2 0.7 
Miles Crossing 3.05 7.55 0.05 PW50 4.2 0.2 RW56 9.0 0.4 
Miles Crossing 7.62 7.43 0.01 PX51 4.2 0.2 RX57 22.8 0.9 
Miles Crossing 15.24 7.811 0.009 PY52 3.5 0.1 RY58 22.5 0.9 
Miles Crossing 19.51 7.451 0.001 PZ53 2.4 0.1 RZ59 20.0 0.8 
Hay Canyon  3.96 5.635 0.002 PVV74 1.23 0.05 RVV79 5.1 0.2 
Hay Canyon  9.14 6.861 0.001 PUU73 1.6 0.1 RUU78 10.4 0.4 
Hay Canyon  22.86 5.14 0.01 PSS72 1.9 0.1 RSS77 11.2 0.4 
EPA Aquatic Life MCL 0.00379 0.00379 
Reporting Limit 0.4 0.4 
 
Standard deviations calculated using instrumental error from ICP – MS and averaged sample digest weight and dilution. Reporting limit calculated 




The roots collected contained notable Zn concentrations, from 20 to 290 ppm (Table 
XVI). A longer study would be necessary to determine if the plants are phytovolatilizing the Zn. 
The data showed a similar trend to the Cu with increased soil Zn concentration over the one-
month difference in collections at the twice-restored location, making phytovolatilization 
unlikely (Figure 33, Santa July - blue star, and August – triangle, Table XVI, and Appendix D: 
Data Summary).  
The Zn concentrations for aerial plants showed the same relative abundances as Cu 
(Figure 32 and Figure 33). In contrast, the roots at Warm Springs (contaminated) had the same 
concentrations as Miles Crossing (restored) and Santa (twice restored, July), and Santa (twice 
restored, August) but all three higher than Hay Canyon (control). Miles Crossing (restored) had 
an inverse relationship between the three and seven meters from the creek sites (Figure 33, 
purple squares). The samples switched in concentrations of roots and soil, going from 57 ± 2 
ppm to 151 ± 6 ppm in the roots and 153 ± 1 ppm to 50.1 ± 0.4 ppm in the soil, at these two sites 





Figure 33: Zn aerial and root plant versus distance from the creek bank and pH 
Zn in a) aerial plant versus distance from creek, b) root versus distance from creek, c) aerial plant versus 
pH, and d) root versus pH. Values from ICP - MS error bars represent instrument error calculated to 
sample digest weight and dilution. Some error bars within the symbol. The Zn AL – MCL is 0.037 ppm 
























Zn st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 54 2 RA10 155 6 
Warm Springs 12.62 7.75 0.01 PB2 69 3 RB12 87 3 
Warm Springs 15.54 7.795 0.001 PC3 39 2 RC13 90 4 
Santa  4.57 7.806 0.009 PM21 32 1 RM28 270 11 
Santa  22.86 6.601 0.001 PP22 30 1 RP29 71 3 
Santa  27.74 7.130 0.001 PQ23 41 2 RQ30 290 12 
Santa 2 22.86 7.161 0.005 PQQ38 20 1 RQQ42 270 11 
Santa 2 27.13 6.475 0.003 PRR39 39 2 RRR43 212 8 
Miles Crossing 3.05 7.55 0.05 PW50 23 1 RW56 66 3 
Miles Crossing 7.62 7.43 0.01 PX51 34 1 RX57 175 7 
Miles Crossing 15.24 7.811 0.009 PY52 21 1 RY58 87 3 
Miles Crossing 19.51 7.451 0.001 PZ53 12.2 0.5 RZ59 91 4 
Hay Canyon  3.96 5.635 0.002 PVV74 13.3 0.5 RVV79 58 2 
Hay Canyon  9.14 6.861 0.001 PUU73 11.2 0.4 RUU78 58 2 
Hay Canyon  22.86 5.14 0.01 PSS72 9.4 0.4 RSS77 18 1 
EPA Aquatic Life MCL 0.04 0.04 
Reporting Limit 0.4 0.4 
 
Standard deviations calculated using instrumental error from ICP – MS and averaged sample digest weight and dilution. Reporting limit calculated 




Aerial plants decreased in As concentration with increased distance from the creek, 
opposite to the roots trend, aerial plants from 0.9 to 0.1 ppm and roots from 0.3 to 20 ppm 
(Figure 34a, b, c; Table XVII, and Appendix D: Data Summary). The roots also showed a strong 
similarity to the trends seen in Mn but a factor of 100 lower, most evident at the restored, twice 
restored, and twice restored one month later sample locations (Figure 34a, b, c, Miles Crossing - 
pink squares, Santa July - blue stars, Santa August - blue triangles, Table XVI, and Appendix D: 
Data Summary). The As concentrations showed similar relative abundances to the Cu and Zn for 
aerial plants and roots, with the exception that the restored and twice restored sites graphed 





Figure 34: As aerial plant and root versus distance from creek and pH 
Arsenic in a) aerial plant versus distance from creek, b) root versus distance from creek, c) same as b) 
except for the concentration going to three ppm, d) aerial plant versus pH, e) root versus pH, and f) same 
as e) except for the concentration going to three ppm. Values from ICP - MS, error bars represent 
instrument error calculated to sample digest weight and dilution. Some error bars within the symbol. The 























As st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 0.89 0.04 RA10 9.1 0.5 
Warm Springs 12.62 7.75 0.01 PB2 0.62 0.03 RB12 8.0 0.4 
Warm Springs 15.54 7.795 0.001 PC3 0.48 0.02 RC13 17.4 0.9 
Santa  4.57 7.806 0.009 PM21 0.43 0.02 RM28 1.4 0.1 
Santa  22.86 6.601 0.001 PP22 0.12 0.01 RP29 0.23 0.01 
Santa  27.74 7.130 0.001 PQ23 0.11 0.01 RQ30 2.7 0.1 
Santa 2 22.86 7.161 0.005 PQQ38 0.18 0.01 RQQ42 1.6 0.1 
Santa 2 27.13 6.475 0.003 PRR39 0.093 0.005 RRR43 1.2 0.1 
Miles Crossing 3.05 7.55 0.05 PW50 0.14 0.01 RW56 0.31 0.02 
Miles Crossing 7.62 7.43 0.01 PX51 0.12 0.01 RX57 1.3 0.1 
Miles Crossing 15.24 7.811 0.009 PY52 0.22 0.01 RY58 2.0 0.1 
Miles Crossing 19.51 7.451 0.001 PZ53 0.16 0.01 RZ59 3.2 0.2 
Hay Canyon  3.96 5.635 0.002 PVV74 0.15 0.01 RVV79 0.25 0.01 
Hay Canyon  9.14 6.861 0.001 PUU73 0.066 0.003 RUU78 0.57 0.03 
Hay Canyon  22.86 5.14 0.01 PSS72 0.11 0.01 RSS77 0.53 0.03 
EPA Aquatic Life MCL 0.34 0.34 
Reporting Limit 0.08 0.08 
 
Standard deviations calculated using instrumental error from ICP – MS and averaged sample digest weight and dilution. Reporting limit calculated 
using averaged digest weight (0.1 g) and dilution (46.3 mL). (Appendix C: Reporting Limits and Maximum Contamination Levels). 
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4.2.6. Cadmium  
Many of the aerial plant samples measured BDL for Cd (Table XVIII, Appendix D: Data 
Summary). The root samples measured concentrations ranging from one to ten ppm (Figure 35, 
Table XVIII, and Appendix D: Data Summary). The overall roots decreased slightly in Cd 
concentration with increased distance from the creek, from ten to three ppm. All samples are 




Figure 35: Cd root versus distance from creek and pH 
Cd in a) root versus distance from creek and b) root versus pH. Values from ICP - MS, error bars 
represent instrument error calculated to sample digest weight and dilution. Some error bars within the 























Cd st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 0.7 0.1 RA10 2.8 0.3 
Warm Springs 12.62 7.75 0.01 PB2 1.7 0.2 RB12 8.6 1.7 
Warm Springs 15.54 7.795 0.001 PC3 0.5 0.05 RC13 5.3 1.1 
Santa  4.57 7.806 0.009 PM21 *0.47 0.05 RM28 2.5 0.5 
Santa  22.86 6.601 0.001 PP22 *0.41 0.04 RP29 1.2 0.2 
Santa  27.74 7.130 0.001 PQ23 *0.44 0.04 RQ30 4.5 0.9 
Santa 2 22.86 7.161 0.005 PQQ38 *0.16 0.02 RQQ42 3.6 0.7 
Santa 2 27.13 6.475 0.003 PRR39 *0.16 0.02 RRR43 4.6 0.9 
Miles Crossing 3.05 7.55 0.05 PW50 0.7 0.07 RW56 9.7 1.9 
Miles Crossing 7.62 7.43 0.01 PX51 0.8 0.08 RX57 7.7 1.5 
Miles Crossing 15.24 7.811 0.009 PY52 *0.42 0.04 RY58 3.1 0.6 
Miles Crossing 19.51 7.451 0.001 PZ53 0.2 0.02 RZ59 3.1 0.6 
Hay Canyon  3.96 5.635 0.002 PVV74 *0.41 0.04 RVV79 4.4 0.9 
Hay Canyon  9.14 6.861 0.001 PUU73 *0.17 0.02 RUU78 1.6 0.3 
Hay Canyon  22.86 5.14 0.01 PSS72 *0.49 0.05 RSS77 2.2 0.4 
EPA Aquatic Life MCL 0.002 0.002 
Reporting Limit 0.40 0.80 
 
* indicates samples that measured below the ICP – MS reporting limit but did contain detectable Cd. Standard deviations calculated using 
instrumental error from ICP – MS and averaged sample digest weight and dilution. Reporting limit calculated using averaged digest weight (0.1 g) 




The samples did not have excessive Pb concentrations (Table XIX and Appendix D: Data 
Summary). A long-term study would be necessary to determine if the plants are phytovolatilizing 
the Pb. The overall aerial plant illustrated a decreased Pb concentration with increased distance 
from the creek, from 0.6 to 0.2 ppm, a factor of three (Figure 36). The overall roots slightly 
increased in Pb concentration with increased distance from the creek, from 0.1 to 0.9 ppm, a 
factor of nine. The Pb concentrations followed the same trend as Cu, Zn, and As. Almost all 
samples are above the AL - MCL for Pb, indicating the AL – MCL may not be applicable for 








Figure 36: Pb aerial plant and root versus distance from creek 
Pb in a) aerial plant versus distance from creek, b) root versus r distance from creek, c) aerial plant versus 
pH, and d) root versus pH. Values from ICP - MS, error bars represent instrument error calculated to 
sample digest weight and dilution. Some error bars within the symbol. The Pb AL – MCL is 0.0014 ppm 























Pb st dev 
(ppm) 
Warm Springs 10.29 7.303 0.002 PA1 0.589 0.006 RA10 5.8 0.1 
Warm Springs 12.62 7.75 0.01 PB2 0.506 0.005 RB12 4.94 0.05 
Warm Springs 15.54 7.795 0.001 PC3 0.412 0.004 RC13 12.1 0.1 
Santa  4.57 7.806 0.009 PM21 0.444 0.004 RM28 1.75 0.02 
Santa  22.86 6.601 0.001 PP22 0.098 0.001 RP29 0.60 0.01 
Santa  27.74 7.130 0.001 PQ23 0.124 0.001 RQ30 14.8 0.1 
Santa 2 22.86 7.161 0.005 PQQ38 0.197 0.002 RQQ42 2.97 0.03 
Santa 2 27.13 6.475 0.003 PRR39 0.086 0.001 RRR43 4.43 0.04 
Miles Crossing 3.05 7.55 0.05 PW50 0.210 0.002 RW56 0.399 0.004 
Miles Crossing 7.62 7.43 0.01 PX51 0.205 0.002 RX57 5.1 0.1 
Miles Crossing 15.24 7.811 0.009 PY52 0.354 0.004 RY58 5.4 0.1 
Miles Crossing 19.51 7.451 0.001 PZ53 0.179 0.002 RZ59 4.10 0.04 
Hay Canyon  3.96 5.635 0.002 PVV74 *0.097 0.001 RVV79 0.188 0.002 
Hay Canyon  9.14 6.861 0.001 PUU73 0.0410 0.0004 RUU78 0.73 0.01 
Hay Canyon  22.86 5.14 0.01 PSS72 0.200 0.002 RSS77 1.07 0.01 
EPA Aquatic Life MCL 0.001 0.001 
Reporting Limit 0.08 0.08 
 
* indicates samples that are below the ICP – MS reporting limit. Standard deviations calculated using instrumental error from ICP – MS and 
averaged sample digest weight and dilution. Reporting limit calculated using averaged digest weight (0.1 g) and dilution (46.3 mL). (Appendix C: 
Reporting Limits and Maximum Contamination Levels). 
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4.3. Comparison Between ICP – MS and Flame AAS  
The different instruments used to analyze the elemental concentrations in the samples 
measured vastly different values for the root samples that reported from both instruments (Table 
XX). The Flame AAS values measured +4 % to -46 % of the ICP – MS values. The calculation 
of the percent error between the instruments used equation (5).  
Table XX: Comparison between root samples detected by the ICP – MS and the Flame AAS 
 ICP - MS Flame AAS Flame AAS % 
different from 
ICP - MS sample ID 
Zn avg 
(ppm) 






Zn st dev 
(ppm) 
RA10 155 6 25 137 1 -12 
RB12 87 3 16 72 1 -18 
RC13 90 4 20 BDL BDL - 
RM28 270 11 37 240 2 -9 
RP29 71 3 26 38.3 0.5 -46 
RQ30 290 12 19 180 89 -39 
RQQ42 270 11 21 252 1 -5 
RRR43 212 8 21 220 60 4 
RW56 66 3 18 47.4 0.2 -29 
RX57 175 7 32 153 1 -12 
RY58 87 3 33 52.3 0.1 -40 
RZ59 91 4 11 60 18 -37 
RVV79 58 2 24 40 17 -30 
RUU78 58 2 24 34.2 0.1 -41 
RSS77 18 1 26 BDL BDL - 
Reporting Limit 0.4     
BDL = below detection limit      
- indicates % difference could not be calculated. Standard deviations calculated instrumental error from 
ICP – MS and averaged sample digest weight and dilution, and using analytical triplicates from the Flame 
AAS (Appendix C: Reporting Limits and Maximum Contamination Levels). 
4.4. Principal Component Analysis 
The variables comprised of soil pH, Mn, Cu, Zn, As, and Pb concentrations for 63 
samples. Samples that measured BDL had their detection limit used for PCA. 17 soil and core 
samples measured BDL for Mn, Cu, and Zn; all soil and core samples for As and Pb 
concentrations measured BDL, except three cores (Appendix D: Data Summary). The first two 
components represent about 70 % of the variance (Figure 37). The eigenvectors show the 
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magnitude and direction, relative to the principal components, of PCA categories (Figure 37). 
The numbers on the plots denote sample site. 
The sample type plot of colored points showed the aerial plants fall along a line (Figure 
37a). The roots and soils grouped close to the origin but more spread out than the aerial plants 
(Figure 37a). The cores showed greater variation than the other samples (Figure 37a). Looking at 
the sample colored by location showed the Warm Springs (contaminated) samples covered a 
wider area and furthest away from Hay Canyon (control) (Figure 37b). Hay Canyon (control) 
and Santa (twice restored, July) have two groups of 95 % confidence (Figure 37b). Both had 
most aerial plants, roots, and soils grouped together and most core samples grouped separately 
(Figure 37b).  
Warm Springs (contaminated) had the core sample outlying points, but most grouped 
together near the other locations (Figure 37b). The outlying points 10, 13, and 15 measured BDL 
for Mn (detection limits used for PCA). Values on the order of 500 ppm should have been 
obtained for samples 10, 13, and 15 to align with samples 11, 12, and 14; however, detection 
limits of 13 to 200 ppm had to be used for the PCA (Figure 37). Arsenic and Pb also distinguish 
points 11, 14, and 15 as the only soil or core samples with measured As and Pb concentrations 







Figure 37: PCA 
Eigenvalues and eigenvectors with color denoting a) sample type, and b) sample location. The ellipses are 






4.5. Elemental Ratios 
The samples showed elemental ratios indicated by the grouping of the eigenvectors in the 
PCA. Aerial plants and roots used ICP – MS values for ratios. Samples that measured BDL used 
the detection limit as the concentration (Table XXI and Table XXII). Aerial plants showed 
higher ratios at Hay Canyon (control) and Santa2 (twice restored, August) than the other 
locations (Figure 38). The roots had higher ratios at all the sample locations except for Warm 
Springs (contaminated) (Figure 39). The soils showed lower ratios at Warm Springs 
(contaminated) compared to Hay Canyon (control), with a high ratio of Mn:Cu at Miles Crossing 
(restored) (Figure 40). The ratios that showed the greatest differences between Hay Canyon 
(control) and Warm Springs (contaminated) contained Mn and Cu.  
 
 
Figure 38: Elemental ratios in aerial plants 





Figure 39: Elemental ratios in roots 




Figure 40: Elemental ratios in soils 




Table XXI: Elemental ratios at Warm Springs and Miles Crossing 




bank (m) Mn:Cu Mn:Zn Zn:Cu As:Pb 
PA1 aerial plant  Warm Springs 10.3 2 0.3 8 1.5 
PB2 aerial plant  Warm Springs 12.6 1 0.16 8 1.22 
PC3 aerial plant  Warm Springs 15.5 2 0.3 7 1.16 
RA10 root Warm Springs 10.3 0.4 0.17 2 1.6 
RB12 root Warm Springs 12.6 0.6 0.18 3 1.6 
RC13 root Warm Springs 15.5 0.5 0.3 2 1.4 
SA16 soil Warm Springs 10.3 *1.0 *0.44 2 *5.8 
SB17 soil Warm Springs 12.6 *0.84 *0.64 1 *5.8 
SC18 soil Warm Springs 15.5 *2.25 *1.0 2 *5.8 
CE6A core Warm Springs 4.6 *0.015 *0.009 2 *5.8 
CE6B core Warm Springs 4.6 0.1 0.099 1 1.1 
CE6C core Warm Springs 4.6 0.5 0.6 0.9 *5.8 
CF7A core Warm Springs 15.5 *0.73 *0.61 1 *5.8 
CF7B** core Warm Springs 15.5 0.3 0.4 0.7 0.8 
CF7C** core Warm Springs 15.5 *0.46 *0.16 3 2.0 
PW50 aerial plant  Miles Crossing 3.0 4 0.8 6 0.7 
PX51 aerial plant  Miles Crossing 7.6 7 0.9 8 0.6 
PY52 aerial plant  Miles Crossing 15.2 7 1 6 0.6 
PZ53 aerial plant  Miles Crossing 19.5 8 1 5 0.9 
RW56 root Miles Crossing 3.0 3 0.4 7 0.8 
RX57 root Miles Crossing 7.6 5 0.7 8 0.3 
RY58 root Miles Crossing 15.2 7 2 4 0.4 
RZ59 root Miles Crossing 19.5 18 4 5 0.8 
SW62 soil Miles Crossing 3.0 *17 *0.57 30 *5.8 
SX63 soil Miles Crossing 7.6 *85 3 *29 *5.8 
SY64 soil Miles Crossing 15.2 18 2 9 *5.8 
SZ65 soil Miles Crossing 19.5 *76 3 *30 *5.8 
CBB68A core Miles Crossing 4.6 5 0.9 6 *5.8 
CBB68B core Miles Crossing 4.6 7 1 5 *5.8 
CCC71A core Miles Crossing 19.5 11 0.9 13 *5.8 
CCC71B core Miles Crossing 19.5 *72 3 *28 *5.8 
* indicates samples where at least one element measured below detection limit, detection limit used for 
elemental ratios, ** indicates samples that used duplicates in place of analytical triplicates for average 






Table XXII: Elemental ratios at Santa (July), Santa (August), and Hay Canyon 




bank (m) Mn:Cu Mn:Zn Zn:Cu As:Pb 
PM21 aerial plant  Santa  4.6 10 2 5 1.0 
PP22 aerial plant  Santa  22.9 4 0.5 7 1.2 
PQ23 aerial plant  Santa  27.7 4 0.3 12 0.9 
RM28 root Santa  4.6 10 0.8 13 0.8 
RP29 root Santa  22.9 4 0.4 9 0.4 
RQ30 root Santa  27.7 10 0.8 12 0.2 
SM33 soil Santa  4.6 *4.9 *0.55 9 *5.8 
SP34 soil Santa  22.9 *46 *3.5 *13 *5.8 
SQ35 soil Santa  27.7 *3.2 *0.59 5 *5.8 
CR26A core Santa 4.6 2 0.4 4 *5.8 
CR26B core Santa 4.6 3 0.6 5 *5.8 
CS27A core Santa 22.9 6 1 5 *5.8 
CS27B core Santa 22.9 12 3 4 *5.8 
PQQ38 aerial plant  Santa 2 22.9 3 0.3 11 0.9 
PRR39 aerial plant  Santa 2 27.1 3 0.13 20 1.1 
RQQ42 root Santa 2 22.9 3 0.19 15 0.5 
RRR43 root Santa 2 27.1 3 0.22 12 0.26 
SQQ46 soil Santa 2 22.9 3 0.6 4 *5.8 
SRR47 soil Santa 2 27.1 3 1 3 *5.8 
PVV74 aerial plant  Hay Canyon  4.0 10 1 11 2 
PUU73 aerial plant  Hay Canyon  9.1 22 3 7 1.6 
PSS72 aerial plant  Hay Canyon  22.9 10 2 5 0.5 
RVV79 root Hay Canyon  4.0 23 2 11 1.4 
RUU78 root Hay Canyon  9.1 9 2 6 0.8 
RSS77 root Hay Canyon  22.9 4 3 2 0.5 
SVV84 soil Hay Canyon  4.0 *4 *0.26 *16 *15.5 
SUU83 soil Hay Canyon  9.1 *11 *2.3 *5 *5.8 
SSS82 soil Hay Canyon  22.9 34 8 4 *5.8 
CWW88A core Hay Canyon 4.0 63 6 11 *5.8 
CWW88B core Hay Canyon 4.0 130 8 17 *5.8 
CTT87A core Hay Canyon 22.9 11 4 3 *5.8 
CTT87B core Hay Canyon 22.9 17 5 3 *5.8 
* indicates samples where at least one element measured below detection limit, detection limit used 








This study found gradients of location and sample type supporting the hypotheses of 
higher element content closer to the creek, and contaminated (Warm Springs) higher element 
content than control (Hay Canyon). The elemental content gradient hypothesis, soil > aerial 
plants > roots, proved to be incorrect. The gradient flows soil > root > aerial plant. Element 
concentrations collected for this thesis provide a framework to establish plant element uptake 
with a more frequent plant collection to determine how gradients change as the plant grows 
through the summer season. Plant metal uptake could help phytoremediation by letting future 
restoration workers know that basin wildrye had greater element content in the roots than the 
aerial plant. Aerial plants, roots, and soils, all showed Zn content gradients. The PCA highlighted 
the trends of element ratios in samples.  
Plant MCL or toxic levels do not exist for each element because they would be specific to 
each plant species. Different subspecies may even show higher tolerance to a contaminant. In 
order to compare aerial plant and root concentrations to a biological standard, this study used the 
Circular DEQ-7 Aquatic Life Acute Maximum Contamination Level (AL - MCL) (Montana 
DEQ, 2019). This study used the EPA residential soil maximum contamination level (RS-MCL) 
for all soil and core soil samples (RSLT, 2019). Comparing other organism based MCLs to the 
AL – MCL a common range appears for the elements in this thesis. All MCLs range from 
0.000018 to 50 ppm (HHWO for As and NRWQC – Aquatic life freshwater acute (ALFA) for 
Mn) (Appendix C: Reporting Limits and Maximum Contamination Levels). Overall, this 
ascertains that the plant MCL is varied and possibly closer to human consumption of the 
organism than aquatic life. However, all elements in this study besides Mn, Cu, and Zn still have 
low MCLs for NRWQC. Future researchers should develop a better approach to MCL for plants.  
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All aerial and root plant values are from ICP - MS unless stated otherwise. Manganese, 
Cu, and Zn soil and core values are from the Flame AAS. The 13 values measured on both 
instruments had Flame AAS values that measured root Zn content ranging from 4 to (-46) % of 
the ICP – MS values measured for the same sample. The overall increase in Zn concentration 
from the first analysis (Flame AAS) to the second analysis (ICP – MS) may have been from dust 
exposure during Flame AAS analysis.  
None of the basin wildrye analyzed measured elemental concentrations that would 
classify the plant as a Mn, Cu, Zn, As, Cd, or Pb hyperaccumulator. Plant aerial dry mass must 
have concentrations over 1% for Mn and Zn, over 0.1% for Cu, and 0.01% for Cd and As to be 
considered hyperaccumulators (McCutcheon and Jørgensen, 2008; Alves et al., 2011). Whole 
plant collection did not occur, due to the large size of the whole plant, so no whole plant aerial 
dry mass is known. Estimated elemental concentrations for the aerial plant and root per one gram 
of sample digested and analyzed is the closest this thesis came to discovering potential 
hyperaccumulation in basin wildrye (Figure 41, Figure 42, Figure 43, and Figure 44).  
Acidic soil pH values at the control location (Hay Canyon) could be due to several 
factors in the area, including free range cattle grazing, dry conditions with short small showers 
every couple of days (specifically the day before collection) during the sampling time frame, and 
other factors. The control sample four meters from the creek, soil pH of 6.86 ± 0.01, located 
downstream about ten meters from the other sample sites had several trees nearby that would 
periodically shade the basin wildrye. The difference of ten meters downstream and shade 
possibly accounting for its different soil pH compared to the samples at nine and 20 meters from 
the creek. Moving downstream about ten meters may account for the loss of soil pH increasing 
towards the creek, due to the samples coming from different microecosystems.  
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5.1. Overall Trends 
In general, the aerial plant samples decreased in metal concentration for all elements 
tested with increased distance from the creek bank. The most distinguishing difference between 
the samples collected near the creek and far from the creek is the creek itself, suggesting that the 
creek is a source of the contamination spread, which is known as early mining operations used 
the creek as an industrial sewer (Gammons et al,. 2006; Gammons and Madison, 2006). Since 
SBC flows all year, the water table recharges the creek some parts of the year. In areas 
surrounding the creek the water table is closer to the surface allowing plants to take up more 
contaminants then farther from the creek.  
The roots and soil showed similar trends of increasing metal concentrations with 
increasing distance from the creek bank, except for Zn concentrations in the roots, which 
decreased. Roots are in the soil and likely interconnected by microorganisms, such as mycorrhiza 
to help obtain needed nutrients. There is evidence that microbial presence in the soil increases 
plant volatile emission (Cristaldi et al., 2020; Guarino et al., 2020).  
The soil showed increased Mn, Cu, and Zn concentration with increased distance from 
the bank. The groundwater could be leaching metals away from the surface soil more noticeably 
near the creek as the water table would be closer to the surface near the creek, regardless whether 
the creek is gaining or losing water to the groundwater. The groundwater could be creating a 
gradient of low metal concentration adjacent to the creek and increasing concentrations with 
depth in areas near the creek. Manganese core concentrations increasing at about four meters 
from the creek bank at one location supports groundwater leaching. However, Cu and Zn 
concentrations decreasing with depth contradict groundwater leaching.  
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Samples showed a concentration gradient for Mn, Cu, and Zn of soil > root > aerial plant 
(Figure 23, Figure 25, Figure 27, Figure 30, Figure 32, Figure 33). As, Cd, and Pb did not report 
values for soil samples although these elements showed the roots had greater concentrations than 
the aerial plants (Figure 34 and Figure 36). Aerial plants near the creek showed a location 
gradient of high to low metal contents at Warm Springs (contaminated) > Santa (twice restored, 
July and August) > Miles Crossing (restored) > Hay Canyon (control), for all measured elements 
except for Mn and Fe (Figure 32, Figure 33, Figure 34, and Figure 36). Roots near the creek 
showed more variation. Hay Canyon (control) had the lowest metal content except for Mn and 
Fe. Miles Crossing (restored) had lower metal content than Santa (twice restored, July and 
August) for all root samples, except for As and Pb near the creek. The soil samples near and far 
from the creek showed a Cu location gradient of Warm Springs (contaminated) > Santa (twice 
restored, July and August) > Miles Crossing (restored) > Hay Canyon (control) (Figure 25), 
indicating that the surface ten cm supports the location gradient. The Zn content had the same 
gradient except for the near samples reversed the Miles Crossing (restored) and Santa (twice 
restored, July and August), and the far samples reversed the Santa (twice restored, July and 
August) and Warm Springs (contaminated) (Figure 27).  
5.2. Santa (twice restored, July) and Santa2 (twice restored, August) 
The twice restored site had an interesting change during the one-month time between 
collections at that location (Figure 32 and Figure 33). The aerial plant Cu and Zn concentration 
decreased over the month by a factor of about 1.5 and the soil concentration increased by a factor 
of about 0.3. The basin wildrye could have been starting to store nutrients in the roots for winter 
since it is a perennial, however, root concentrations did not change very much between the two 
collections. There are many other possible reasons for this switch in relative concentrations, such 
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as time between the last rain and the collection, time of day the collection occurred, time 
between collection and drying, and many other factors not accounted for in the sample 
collection. The exact same plant may not have been sampled each time, or the sample collected 
from a different side of the same plant.  
Accounting for the one-month time difference between sample collection at Hay Canyon 
(control), Santa (twice restored, August) and all the other samples is outside the parameters of 
this study. The second plant collection at Santa (twice restored, August) concurrent with the 
control collection intended to establish trends used to estimate values for what Mn, Cu, Zn, As, 
Cd, and Pb at Hay Canyon (control) could have been one month prior to the actual collection 
there, consistent with other samples collected in July. Hay Canyon values for July would allow 
for a more direct comparison between sample locations. Estimating Hay Canyon values in July 
could not occur due to inconsistent concentration changes between the Santa (twice restored, 
July) and the Santa (twice restored, August) samples. Considering plant physiology, this could 
mean that the control location did not show accurate control concentrations for the other 
locations because time difference in collection may affect which biological processes dominate 
plant metabolism. Plants may have begun storing nutrient in their roots for winter by the time the 
August sampling occurred.  
To date no study has measured basin wildrye seasonal metal concentrations as the 
concentrations depend heavily on plant species, element, and characteristics of the location. 
Species similar to basin wildrye could be used as a proxy for expected trends in basin wildrye 
during the growing season. Common reed (Phragmites australis) has shown a trend of increasing 
Mn, Cu, Zn, Cd, and Pb concentrations in the aerial plant and root over two months covering the 
growing season, similar to this thesis (Kastratovic et al., 2013). Although the two-month period 
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did not show statistically significant differences, over a five-month period Mn, Cu, Zn, As, Cd, 
and Pb had statistically significant increases in concentrations (Kastratovic et al., 2013). Another 
similar species, a perennial rye grass (Lolium perenne) has shown statistically significant trends 
of increasing Zn, Pb, and Cd concentrations in the aerial plant and roots, except for decreased Cd 
in the roots, from spring to autumn (Bidar et al., 2008).  
5.3. Manganese and Iron 
Manganese is essential to life and therefore expected in aerial plant and roots in 
noticeable quantities. The contaminated location being below the control level for Mn 
concentration in root, soil, and soil core, may indicate a Mn deficiency at the contaminated 
location or a surplus of another element that easily substitutes for Mn in the plants, such as Mg, 
Ca, Fe, Co, Cu, and Zn (Schmidt and Husted, 2019). The creek could be leaching Mn from the 
soil, causing the gradient of increased Mn with increased distance from the creek bank. Another 
option is, the control location could contain excess Mn, and the other locations are at or close to 
appropriately natural Mn levels in the aerial, root, and soil.  
Phytovolatilization deserves more research attention, with the clear majority of studies 
focusing on mercury (Hg) and selenium (Se) (Watanabe 1997; Leonard et al., 1998; US EPA 
2000; Wang et al., 2012). Little is known about phytovolatilization due to the complex nature of 
leaf emissions and the great number of environmental variables such as light intensity and air 
temperature (Wang et al., 2012). Rice, broccoli, cabbage, and other plants have shown high rates 
of Se volatilization (Watanabe 1997). The basin wildrye at Warm Springs (contaminated) could 
be phytovolatilizing the manganese, but the design for this study’s data collection does not 
investigate this possibility, and there is not enough knowledge of Mn phytovolatilization to 
confidently propose this is occurring.  
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Manganese concentrations at the contaminated location (Warm Springs) are so low 
compared to other locations that the Mn seems to be missing. The pH of SBC is higher at Warm 
Springs (contaminated) and could be accounting for Mn oxides adhering to another element; Fe 
oxides also exhibit this (Gammons and McGivern, 2010; Cox et al., unpublished). The soil pH at 
Warm Springs (contaminated) is similar to other locations indicating that Mn could be in the 
same form at all sites. However, different parts of the basin wildrye may have different pH 
values and Warm Springs (contaminated) is at a slightly lower elevation than the other locations 
by 46 to 61 ± 3 meters. However, overall internal plant pH should be near neutral and not too 
different from the measured soil pH.  
Another option for low Mn at Warm Springs (contaminated) could be the settling ponds 
just upstream of the sampling location. The ponds raise the pH of SBC water and precipitate out 
metals of concern. Low Mn concentrations in the aerial plant, root, and soil provide convincing 
evidence that the ponds settle out most of the Mn from the creek potentially inadvertently 
making the immediate downstream area Mn deficient. The low Fe concentrations further support 
the observed low Mn concentrations below the Warm Springs Settling Ponds (WSSP). The 
WSSP allow the water in SBC to slow down and particles settle out of the water. Sometimes 
lime aids this process. The ponds, designed to target elements Cu, Zn, and As, have collected an 
estimated over 14.5 million cubic meters of contaminated sediments since their creation in 1911, 
approximately six times more than the Mill Town Dam toxic sediments that have been removed 
(Crootof, 2021). The low Mn and Fe concentrations in plants and soil provide preliminary 
evidence for the hypothesis that oxides are settling out in the WSSP.  
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5.4. Zinc, Arsenic, Cadmium, and Lead 
Zinc is essential for life and therefore expected in some amounts. Plants can direct 
nutrients to go where needed and aerial plants have up to 69 ± 3 ppm and the roots up to 290 ± 
12 ppm zinc (Figure 33). The soils are even higher and show that the plants contain about half 
the amount of Zn as what is in the soil (520 ± 97 ppm and Figure 33). This presented a 
concentration gradient, soil > root > aerial plant. All samples were below the RS-MCL. Aerial 
and root plant samples showed zinc concentrations orders of magnitude above the AL-MCL 
(0.004 ppm). This indicates that this MCL is not readily applicable for non-aquatic plants (Figure 
33). Basin wildrye, at the time of sample collection, had more Zn in the roots, indicating the 
plant had a greater need for the Zn in the roots or had begun storing nutrients for the winter. 
Many metabolic processes use Zn; it is inconclusive if the plants sampled commonly contain 
higher Zn concentrations in the roots than the aerial biomass or if they had begun storing 
nutrients for winter. A study with frequent sampling over the growing season could show if basin 
wildrye commonly has high Zn concentrations in the roots or stores Zn in the roots shortly before 
winter.  
Arsenic is not essential to life and is toxic. The aerial plant samples show up to 0.89 ± 
0.04 ppm and the roots show up to 17.4 ± 0.9 ppm arsenic (Figure 34). The As content difference 
indicates that the basin wildrye accumulated almost 20 times more As in the roots than the aerial 
plant. More As in the roots could also imply the plants’ inability to translocate As from the roots 
to the aerial plant. For As, the roots have many samples above the AL – MCL: all the Warm 
Springs (contaminated), and most of the Miles Crossing (restored) and Santa (twice – restored, 
July) samples. The shallow groundwater in the area is known to be contaminated and likely 
causing high As levels in the basin wildrye roots (Gammons and McGivern, 2010). The Hay 
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Canyon (control) location supported this as it had one sample below the AL – MCL and all three 
samples below the RS – MCL. Arsenic may have stunted the root growth for the Warm Springs 
(contaminated) samples, subsequently stunting the aerial plant growth.  
Soil samples measured BDL for Cd and Pb (Appendix D: Data Summary). Most of the 
lead found in the aerial plants and roots of this study measured above the AL – MCL (0.001 
ppm) with some of the samples reaching three orders of magnitude greater (Figure 36). Lead 
could use a different regulatory standard except the highest one that is not for soil is the National 
Recommended water quality criteria; aquatic life freshwater acute (0.082 ppm) which is still two 
orders of magnitude lower than some of the root samples (US EPA NRWQA 2020). The Pb 
concentrations measured between tap water MCL and RS – MCL, since the plants sampled grew 
and appeared healthy no immediately adverse effects from the lead could be determined.  
5.5. Soil and Core 
The soil and core samples showed only the three measured As values to be above the RS 
– MCL. All the soil and core samples for Mn, Cu, and Zn were well below their respective RS – 
MCLs (1,800; 3,100; 23,000 ppm respectively). Warm Springs (contaminated) soil samples 
always had the highest amount of the elements measured, except for Santa (twice – restored, 
August) for Cu and Zn which measured similar amounts to the contaminated sites. The only 
other exception is low Mn at Warm Springs (contaminated), discussed above (Section 
5.3Manganese and Iron). The locations may have contained different soil mineral compositions 
which could result in different element concentrations at each sample location.  
Warm Springs (contaminated) core samples contained the highest Cu and Zn content. 
The contaminated location core samples measured Mn content similar to Hay Canyon (control), 
adding further evidence for Mn to be deficient or at natural concentrations at Warm Springs 
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(contaminated). As depth increases the composition of the soil changes due to different materials 
deposited over time changing the locations’ elemental concentrations. The changes in the soil 
with increased depth create layers of different soil mineral composition. The contaminated 
groundwater in the Butte area could have brought contaminants into the clean topsoil, creating an 
increased metal gradient with increased depth. The core samples did not go deep enough to 
support or refute the metal gradient with increased depth.  
5.6. Principal Component Analysis 
The general picture that emerged from the PCA analysis is sample type - aerial plant, 
root, soil, and core - has the highest variation between the aerial plants and the cores. The slight 
layering of Hay Canyon (control) on the left of the graph followed by Miles Crossing (restored), 
Santa (twice restored, July) and Santa (twice restored, August) grouped mostly together (Figure 
37). The Warm Springs (contaminated) towards the right of the cluster of dots indicates a 
gradient. Warm Springs (contaminated) cores not grouping tightly with the other sample types 
like the other locations indicates a difference between the core samples that is affecting the metal 
concentrations specifically at Warm Springs (contaminated). The main outlying points are core 
samples much higher in Cu, Zn, and As, than the other samples. Three of these core points 
measured BDL for Mn; otherwise, it is highly likely that Mn would be another factor making 
these core samples distinct. The core samples that did report Mn values have the lowest Mn: Cu, 
Mn: Zn, and Zn: Cu ratios. Hay Canyon (control) core samples have most of the highest Mn: Cu, 
Mn: Zn, and Zn: Cu ratios, due to lower Cu and Zn content but only slightly lower Mn content.  
The tight grouping of the aerial plants in a line showed that the basin wildrye collected 
did not have distinct differences in the metal content. If the basin wildrye collected belonged to 
different subspecies this did not affect the metal content. Due to the different detection limits for 
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the Flame AAS and the ICP – MS, the aerial plants and roots measured values, whereas the soils 
and cores measured BDL. PCA must have a value in every cell so all samples that measured 
BDL used the detection limits.  
The roots of basin wildrye, having a higher elemental concentration than the aerial plants 
for all samples indicated removing the metals fully from the area using basin wildrye 
phytoextraction requires root removal. Root removal is extra work and disturbs and loosens the 
sediments allowing for higher erosion at the location. The restoration preference for 
accumulation in the aerial plant mass is because it minimizes the erosion factor and is less labor 
intensive. Removal of the aerial plant is less labor intensive as it is easier to cut off and remove 
the top of the plant compared to the roots. In addition, removal of only the aerial plant is better 
for the environment as the soil microbes will be able to spread and increase the plants’ 
productivity.  
5.7. Elemental Ratios 
The elemental ratios showed a higher ratio of Mn:Cu and Zn:Cu at Hay Canyon (control) 
compared to Warm Springs (contaminated). The aerial plant samples showed a potential 
difference of the one month difference in collection for the higher ratios at Hay Canyon (control) 
and Santa2 (twice restored, August) (Figure 38). The roots and soil ratios did not show the one 
month difference in sample collection as a reason for the difference in elemental ratios (Figure 
39 and Figure 40). The difference in ratios is due to the low Mn and high and Cu concentrations 
at Warm Springs. The Cu concentrations in core samples at Warm Springs ranged from 270 to 
1,800 ppm and Hay Canyon ranged 3.8 to 30 ppm. This large difference in elemental ratios 




Many samples measured as below detection, especially aerial plant samples. This may 
have resulted from several factors. The amount of dilution needed for the analysis of all elements 
by the Flame AAS may have led to samples being below the reporting limit. The amount of 
sample digested may have been below the amount needed to measure, using the Flame AAS. The 
initial samples in this study were not truly homogenized, as truly homogenized samples would 
pass through a 20 or 40 mesh sieve (Havlin and Soltanpour, 1980; Adler and Wilcox, 1985; 
Ippolito and Barbarick, 2000). The Flame AAS showed drifting for Pb and poor standard 
differentiation at the low end for Cd. This may have been occurring for all elements tested in 
quantities unnoticeable to researchers but enough to affect the data. Analyzing the standards 
periodically when analyzing the samples could help account for drift.  
There could have been variations between the individual basin wildryes collected. This 
study did not sequence the basin wildrye samples genes. This could have ensured the same 
subspecies for all samples. The basin wildrye samples collected could have been different 
subspecies, or genetically adapted to tolerate different metal levels. Plant subspecies that are 
more tolerant to the high contaminant levels will evolve through natural selection. These tolerant 
subspecies will become better equipped to grow on mine tailings then the non-tolerant 
subspecies. After decades of mine tailings and high contaminant levels in the Butte area, many 
plant species, including basin wildrye, may have adapted potentially indicating the Hay Canyon 
(control) location grows a different non-tolerant subspecies than the Warm Springs 
(contaminated) location. The restoration seed mix potentially included a third subspecies of basin 
wildrye at the Miles Crossing (restored) and Santa (twice restored, July and August) locations 
(Prodgers, personal communication, 2020). 
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The basin wildryes sampled could have had different root maturity. As a perennial, roots 
grow a new aerial plant mass each year from the same root mass. It is difficult to determine the 
age of perennial grasses making the age of the plants sampled undetermined. The older plants 
roots may have different element tolerances and contaminant storage potential. The plants at 
Warm Springs (contaminated) had the overall smallest aerial size, but the potential to be the 
oldest plants due to the lack of restoration next to Hay Canyon (control) plants. The Miles 
Crossing (restored) and Santa (twice restored, July and August) plants can only be as old as the 
restoration in that area. The restored areas’ basin wildrye had the largest aerial mass present, 
potentially hinting at something in the restoration that causes basin wildrye to flourish. The non-
restored areas could be missing that factor or not have enough for the basin wildrye to flourish. 
Future studies could plant the same species at each location therefore all plants sampled would 




6. Conclusion  
The results were inconclusive in terms of the hypotheses. Results showed the 
contaminated location had the highest metal and arsenic concentrations with the restored and 
twice restored next and the control had the lowest concentrations. The metal gradient between 
core, soil, root, and aerial plant showed high concentrations in the cores with soil and roots next 
and aerial plants had the lowest concentrations.  
Metal concentrations decreased with increased distance from the creek in aerial basin 
wildrye. The root concentrations increased with increased distance from the creek for Mn, Fe, 
Zn, As, Cd, and Pb with Cu having very little variation. The most prominent factor to attribute 
the trends with increasing distance from the creek bank, is the creek. The creek’s effect through 
the groundwater level is undetermined by this study. The root Zn content revealed a sizable 
difference between Flame AAS and ICP – MS.  
The manganese showed potential settling out in the Warm Springs Settling Ponds, or 
other factors are otherwise removing the Mn from the area. High arsenic levels in the roots at 
Warm Springs (contaminated) indicated the plants inability to translocate to the aerial plant 
mass. Higher elemental concentrations in the roots of basin wildrye for all samples indicated that 
metal removal from the area using basin wildrye phytoextraction would require root removal.  
There is a distinct difference between sample type and location, as seen in the PCA plots. 
The core samples did not group as close to the aerial plant and roots which indicates a distinct 
difference in sample type. The clear opposites of Warm Springs (contaminated) and Hay Canyon 
(control) with Miles Crossing (restored) and Santa (twice restored, July and August) in between 
suggests that the restoration efforts have aided the restored locations. The outlying Warm 
Springs core samples measured BDL or about 500 ppm for Mn, contained the highest Cu, Zn, 
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As, and Pb concentrations, and some of the lowest Mn:Cu, Mn:Zn, and Zn:Cu ratios. Hay 
Canyon (control) core samples, on the other hand, have some of the highest Mn:Cu, Mn:Zn, and 




7. Future Work 
This study strongly recommends future researchers collecting field samples to use at least 
two control locations. If there is a time difference for any of the samples collected, future 
researchers should ensure that the collection of the control location at both times as trends 
measured in this study do not show a uniform direction of change between aerial plant or root 
samples collected with a notable difference in collection time. Weekly, monthly, or seasonal 
sample collection is necessary to obtain information on phytovolatilization and growing 
variations and fluctuations of the plants’ metal concentrations. Periodic sample collection would 
also give information about plant metal uptake. Sampling over the growing season would allow 
for the optimal time to remove the phytoremediator plants before they start storing nutrients for 
winter or losing them in another way. Further research into elemental ratios in plants changing 
over the growing season is recommended. Researchers should ensure the samples are from the 
exact same plant each time. The collection of several plant species is necessary for a complete 
picture of phytoremediation potential in an area or of a species. Future researchers should 
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Appendix A: Chemicals References 
Alconox™ Citranox™ concentrated.  
BAKER ANALYZED™ A.C.S. Reagent, J.T.Baker™, Hydrochloric acid, 36.5 to 38.0% 
(w/w) 
Envirco, MAC 10 original HEPA hood 
Fisher brand, Polyethylene ladle  
Fisher Scientific, Nitric Acid Trace Metal, 70% (w/w) 
High density polyethylene, 1 Liter  
Ricca Chemical Arsenic (As) Standard for AAS, 1000ppm in 2% HCl (w/v), ISO 
17025/Guide 34.  
Ricca Chemical Cadmium (Cd) Standard for AAS, 1000ppm in 2% HNO3 (w/v), ISO 
17025/Guide 34.  
Ricca Chemical Copper (Cu) Standard for AAS, 1000ppm in 2% HCl (w/v), ISO 
17025/Guide 34.  
Ricca Chemical Lead (Pb) Standard for AAS, 1000ppm in 2% HNO3 (w/v), ISO 
17025/Guide 34.  
Ricca Chemical Zinc (Zn) Standard for AAS, 1000ppm in 2% HNO3 (w/v), ISO 
17025/Guide 34.  
Ricca Chemical, Hydrogen Peroxide, 30% (w/w), ACS Reagent Grade.  
Ricca Chemical, Manganese (Mn) Standard for AAS, 1000ppm in 2% HNO3 (w/v), ISO 
17025/Guide 34.  
Thermo Scientific, 2.0mL microcentrifuge tubes low retention 
WTW ProfiLine™, Single-Parameter Portable Meters, pH/mV 




Appendix B: Phytoremediation  






uptake of contaminants and accumulation in shoots or roots of plants 
Hyperaccumulation plants accumulate approximately 100 times normal amount of the element  
Phytostabilization 
(phytoimmobilization) 
stabilization of contaminants  
Phytodegradation degradation of organic pollutants by plants with help of enzymes to less 
harmful compounds that can become plant biomass or broken down further 
Phytostimulation 
(rhizodegradation)  
roots breakdown organic compounds, or roots encourage and nurture soil 
microbes to breakdown organic compounds  
Phytovolitization  uptake of contaminants, changed to volatile form, and released into the 
atmosphere; some organic compounds are more easily broken down in the 
atmosphere then the soil or plants 
Phytodesalination the plant removes salts from groundwater 
Phyrofiltration using plants to clean aquatic systems, usually wetlands, by the contaminants 
sorbed or precipitated by roots or young aerial plant  
Phytocontainment use of trees and other plants that transpire large quantities to fully or partially 
capture contaminant plumes by reversing hydraulic gradients or soil moisture 
gradients  
Phytomining taking the sap or leaves of plants and extracting the metals  



































Mn 0.02 0.002 1 430 1800 26000 0.05 28 
Fe - 0.005 - 1.4 55000 820000 0.3 350 
Cu 0.04 0.0005 1.3 0.8 3100 47000 1 2.8 
Zn 0.02 0.0005 6 6 23000 350000 5 370 
As 0.7 0.0001 0.01 0.000052 0.68 3 - 0.001 
Cd 0.01 0.0001 0.005 0.0092 71 980 - 0.69 
Pb 0.1 0.00006 0.015 0.015 400 800 - 0.015 
         
  
DEQ-7 Aquatic Life National recommended water quality criteria    















only   
Mn - - 50 - 0.05 0.1   
Fe - 1 - 1 - -   
Cu 0.00379 0.00285 - - 1.3 -   
Zn 0.037 0.037 0.12 0.12 7.4 26   
As 0.34 0.15 0.34 0.15 0.000018 0.00014   
Cd 0.00049 0.00025 0.0018 0.00072 - -   
Pb 0.001398 0.000545 0.082 0.0032 - -   
All units are ppm. Values not measured denoted with a dash. Water hardness is for 25 mg/L for Cu, Zn, Cd, and Pb due to the unknown actual value of 
the groundwater at the sample locations and the unknown internal plant fluids hardness. The EPA Drinking-water standard MCL uses the action level 
for Cu and the 10-kg child one day level for Mn and Zn. The residential soil and groundwater are values for zinc and compounds and Pb and 
compounds in place of the element alone. The Secondary drinking water MCL: Nuisance Chemicals is based on criteria such as coloring water, 
staining, odor, sediment, and taste. (US EPA ALFQC, 2007a; US EPA RSLT, 2019; US EPA DWRSP; 2019; Montana DEQ, 2019; US EPA NRWQA, 
2020; US EPA NRWQH, 2020; SDWANC, 2021) 
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Appendix D: Data Summary 
9. Preliminary Sample Data 
Five plant and two soil samples associated with two of the plant samples acted as a proof 
of the digest method and Flame AA analysis. This ensured that the amount of plant material 
digested and the reporting limit on the Flame AAS were appropriate, even though some samples 
were expected to be very low. This also showed the variation of metal levels between different 
plants species; basin wildrye was not a preliminary sample. These samples mostly contained 
undetected Cd levels or below the reporting limit.  
Important things that preliminary samples showed include; plant species matter, static 
cling is an issue for low mass samples, and the difficulties of transferring ground samples to 





Table XXV: Preliminary samples analyzed by the Flame AAS 
Element Cd Zn Zn 



































L1 digest blank blank 23.1 25 BDL BDL 27 BDL BDL 21 BDL BDL 
L2 digest blank blank 23.1 - - - - - - 21 BDL BDL 
L3 digest blank blank 23.1 - - - - - - - - - 
P2 Santa SBS Plant 0.0 0.1775 23.1 - - - - - - - - - 
P3 Santa SBS Plant 0.0 0.1477 23.1 - - - - - - - - - 
P4 TP NW Plant 9.4 0.5715 23.1 44 BDL BDL 48 BDL BDL - - - 
P5 TP NW Plant 9.4 0.1640 23.1 152 BDL BDL 168 BDL BDL 127 2 0.4 
P6 WS CBG Plant 12.6 0.3851 23.1 - - - - - - 54 BDL BDL 
R9 Santa BR Root 4.6 0.4260 23.1 - - - - - - - - - 
R10 Santa BR Root 4.6 0.4680 23.1 - - - - - - 45 162 0.1 
R11 Santa SBS Root 0.0 0.1667 23.1 - - - - - - 125 360 1 
R12 Santa SBS Root 0.0 0.5665 23.1 44 BDL BDL 49 237.4 0.3 37 BDL BDL 
R14 TP NW Root 9.4 0.0850 23.1 294 BDL BDL 323 BDL BDL 245 BDL BDL 
S17 WS QG Soil 4.6 0.6104 23.1 41 BDL BDL 45 195.4 0.2 34 194 0.5 
S18 WS QG Soil 4.6 0.1791 23.1 140 BDL BDL 153 459 1 - - - 
S19 TP NW Soil 9.4 0.5673 23.1 - - - - - - 37 42 0.04 
S20 TP NW Soil 9.4 0.1763 23.1 - - - - - - - - - 
DL = detection limit, BDL = below detection limit, WS = Warm Springs, TP = Thompson Park, SBS = stokes beaked sedge, NW = northern wheatgrass,  
CBG = creeping bent grass, QG = quack grass, BR = Baltic rush 
Measured on the Flame AAS, standard deviation calculated from three replicates of each sample analyzed. Cells that contain “- “ were not analyzed for 





Table XXV: Preliminary samples analyzed by the Flame AAS, continued 
Element Pb Pb Mn 279.5 nm Mn 403.1 nm 
Date 
Analyzed 


























L1 10 BDL BDL 2 BDL BDL 22 BDL BDL - - - 
L2 - - - 2 3.40 0.02 22 BDL BDL 2 8 3 
L3 - - - - - - - - - - - - 
P2 - - - - - - - - - - - - 
P3 - - - - - - - - - - - - 
P4 17 BDL BDL 3 3.1 0.2 39 BDL BDL 4 9 1 
P5 59 BDL BDL 10 12.2 0.4 136 BDL BDL 13 BDL BDL 
P6 - - - 4 7.2 0.3 58 BDL BDL 5 18 1 
R9 - - - - - - - - - - - - 
R10 - - - 3 24.6 0.2 48 188 1 4 146 3 
R11 - - - 10 48 1 134 153 1 12 103 2 
R12 17 BDL BDL 3 41.79 0.05 39 236 1 4 334 4 
R14 113 BDL BDL 19 36.7 0.3 263 BDL BDL 24 31.5 0.6 
S17 16 BDL BDL 3 21.8 0.4 37 203 1 3 187 2 
S18 - - - 9 73.3 0.4 125 BDL BDL 11.6 76 2 
S19 - - - 3 11.8 0.1 39 140 1 4 85 5 
S20 - - - - - - - - - - - - 
DL = detection limit, BDL = below detection limit, WS = Warm Springs, TP = Thompson Park, SBS = stokes beaked sedge,  
NW = northern wheatgrass, CBG = creeping bent grass, QG = quack grass, BR = Baltic rush 
Measured on the Flame AAS, standard deviation calculated from three replicates of each sample analyzed. Cells that contain “- “ were not analyzed for 




Table XXV: Preliminary samples analyzed by the Flame AAS, continued 
Element Cu Pb As  
Date 
Analyzed 



















(ppm)    
L1 - - - - - - - - -    
L2 2 BDL BDL 2 BDL BDL 19 BDL BDL    
L3 2.4 BDL BDL 2 BDL BDL 19 BDL BDL    
P2 14 18.2 0.5 10 BDL BDL 105 BDL BDL    
P3 17 BDL BDL 12 BDL BDL 127 BDL BDL    
P4 - - - - - - - - -    
P5 - - - - - - - - -    
P6 - - - - - - - - -    
R9 6 21.0 0.1 4 8.2 0.2 44 BDL BDL    
R10 5 12.4 0.1 4 7.3 0.3 40 BDL BDL    
R11 15 25.5 0.2 11 11.9 0.7 112 BDL BDL    
R12 4 BDL BDL 3 BDL BDL 33 BDL BDL    
R14 - - - - - - - - -    
S17 - - - - - - - - -    
S18 - - - - - - - - -    
S19 4 5.0 0.1 3 4.5 0.2 33 BDL BDL    
S20 14 15.9 0.1 10 11.8 0.2 106 BDL BDL    
DL = detection limit, BDL = below detection limit, WS = Warm Springs, TP = Thompson Park, SBS = stokes beaked sedge,  
NW = northern wheatgrass, CBG = creeping bent grass, QG = quack grass, BR = Baltic rush 
Measured on the Flame AAS, standard deviation calculated from three replicates of each sample analyzed. Cells that contain “- “ were not analyzed for 





10. Flame AAS Data 
BDL is below reporting limit for the instrument used for analysis. NA means not 
analyzed, only high Zn samples were analyzed for Cd. Variation in digestion mass caused each 
sample to have its reporting limit calculated, as some samples measured above their individual 
reporting limit but below the average reporting limit for all samples for that element. Most 
reporting limits cover a range of less than 30 ppm the exceptions being Mn and As covering 
about 300 ppm and 60 ppm ranges respectively. For Mn this is due to analyzing the samples 
multiple times and the varying standard trend lines used to calculate the absorbance of the lowest 
standard measured through equation (1) with the sample’s dilution and digest mass. The outlying 
reporting limits are for the samples with digest masses that are edging into 0.30 g and 0.07 g 






























Zn st dev 
(ppm) 
PA1 Warm Springs 10.29 7.303 0.002 304 BDL BDL 6 BDL BDL 31 BDL BDL 
PB2 Warm Springs 12.62 7.75 0.01 350 BDL BDL 7 BDL BDL 36 BDL BDL 
PC3 Warm Springs 15.54 7.795 0.001 64 BDL BDL 4 BDL BDL 18 BDL BDL 
PM21 Santa  4.57 7.806 0.009 249 BDL BDL 5 BDL BDL 26 BDL BDL 
PP22 Santa  22.86 6.601 0.001 217 BDL BDL 5 BDL BDL 23 BDL BDL 
PQ23 Santa  27.74 7.130 0.001 203 BDL BDL 4 BDL BDL 21 BDL BDL 
PQQ38 Santa 2 22.86 7.161 0.005 87 BDL BDL 2 BDL BDL 9 BDL BDL 
PRR39 Santa 2 27.13 6.475 0.003 165 BDL BDL 3 BDL BDL 17 36 9 
PW50 Miles Crossing 3.05 7.55 0.05 12 BDL BDL 4 BDL BDL 22 BDL BDL 
PX51 Miles Crossing 7.62 7.43 0.01 9 BDL BDL 3 BDL BDL 16 BDL BDL 
PY52 Miles Crossing 15.24 7.811 0.009 13 BDL BDL 5 BDL BDL 23 BDL BDL 
PZ53 Miles Crossing 19.51 7.451 0.001 100 BDL BDL 3 BDL BDL 17 BDL BDL 
PVV74 Hay Canyon  3.96 5.635 0.002 160 BDL BDL 4 BDL BDL 22 BDL BDL 
PUU73 Hay Canyon  9.14 6.861 0.001 5 BDL BDL 2 BDL BDL 9 BDL BDL 
PSS72 Hay Canyon  22.86 5.14 0.01 217 BDL BDL 5 BDL BDL 23 BDL BDL 
EPA Aquatic Life MCL 0.05 0.00379 0.04 
BDL = below detection limit, NA = not analyzed         


























Pb st dev 
(ppm) 
PA1 Warm Springs 10.29 7.303 0.002 86 BDL BDL 15 BDL BDL 
PB2 Warm Springs 12.62 7.75 0.01 99 BDL BDL 17 BDL BDL 
PC3 Warm Springs 15.54 7.795 0.001 50 BDL BDL 9 BDL BDL 
PM21 Santa  4.57 7.806 0.009 70 BDL BDL 12 BDL BDL 
PP22 Santa  22.86 6.601 0.001 61 BDL BDL 11 BDL BDL 
PQ23 Santa  27.74 7.130 0.001 57 BDL BDL 10 BDL BDL 
PQQ38 Santa 2 22.86 7.161 0.005 25 BDL BDL 4 BDL BDL 
PRR39 Santa 2 27.13 6.475 0.003 47 BDL BDL 8 BDL BDL 
PW50 Miles Crossing 3.05 7.55 0.05 61 BDL BDL 11 BDL BDL 
PX51 Miles Crossing 7.62 7.43 0.01 44 BDL BDL 8 BDL BDL 
PY52 Miles Crossing 15.24 7.811 0.009 63 BDL BDL 11 BDL BDL 
PZ53 Miles Crossing 19.51 7.451 0.001 45 BDL BDL 8 BDL BDL 
PVV74 Hay Canyon  3.96 5.635 0.002 60 BDL BDL 10 BDL BDL 
PUU73 Hay Canyon  9.14 6.861 0.001 25 BDL BDL 4 BDL BDL 
PSS72 Hay Canyon  22.86 5.14 0.01 61 BDL BDL 11 BDL BDL 
EPA Aquatic Life MCL 0.34 0.001 
BDL = below detection limit, NA = not analyzed       


































Zn st dev 
(ppm) 
RA10 Warm Springs 10.29 7.303 0.002 240 BDL BDL 5 14.1 0.2 25 137 1 
RB12 Warm Springs 12.62 7.75 0.01 158 BDL BDL 3 BDL BDL 16 72 1 
RC13 Warm Springs 15.54 7.795 0.001 156 BDL BDL 4 BDL BDL 20 BDL BDL 
RM28 Santa  4.57 7.806 0.009 359 BDL BDL 7 BDL BDL 37 240 2 
RP29 Santa  22.86 6.601 0.001 254 BDL BDL 5 BDL BDL 26 38.3 0.5 
RQ30 Santa  27.74 7.130 0.001 139 BDL BDL 4 BDL BDL 19 180 89 
RQQ42 Santa 2 22.86 7.161 0.005 206 BDL BDL 4 BDL BDL 21 252 1 
RRR43 Santa 2 27.13 6.475 0.003 207 BDL BDL 4 BDL BDL 21 220 60 
RW56 Miles Crossing 3.05 7.55 0.05 10 BDL BDL 4 BDL BDL 18 47.4 0.2 
RX57 Miles Crossing 7.62 7.43 0.01 17 BDL BDL 6 BDL BDL 32 153 1 
RY58 Miles Crossing 15.24 7.811 0.009 321 BDL BDL 7 BDL BDL 33 52.3 0.1 
RZ59 Miles Crossing 19.51 7.451 0.001 44 120 50 2 BDL BDL 11 60 18 
RVV79 Hay Canyon  3.96 5.635 0.002 95 BDL BDL 5 BDL BDL 24 40 17 
RUU78 Hay Canyon  9.14 6.861 0.001 232 BDL BDL 5 BDL BDL 24 34.2 0.1 
RSS77 Hay Canyon  22.86 5.14 0.01 14 BDL BDL 5 BDL BDL 26 BDL BDL 
EPA Aquatic Life MCL 0.05 0.00379 0.04 
BDL = below detection limit, NA = not analyzed         






























Cd st dev 
(ppm) 
RA10 Warm Springs 10.29 7.303 0.002 68 BDL BDL 12 BDL BDL 8 BDL BDL 
RB12 Warm Springs 12.62 7.75 0.01 44 BDL BDL 8 BDL BDL   NA   
RC13 Warm Springs 15.54 7.795 0.001 54 BDL BDL 9 BDL BDL 7 BDL BDL 
RM28 Santa  4.57 7.806 0.009 101 BDL BDL 18 BDL BDL 13 BDL BDL 
RP29 Santa  22.86 6.601 0.001 72 BDL BDL 12 BDL BDL   NA   
RQ30 Santa  27.74 7.130 0.001 52 BDL BDL 9 BDL BDL 5 BDL BDL 
RQQ42 Santa 2 22.86 7.161 0.005 58 BDL BDL 10 BDL BDL   NA   
RRR43 Santa 2 27.13 6.475 0.003 58 BDL BDL 10 BDL BDL   NA   
RW56 Miles Crossing 3.05 7.55 0.05 49 BDL BDL 9 BDL BDL   NA   
RX57 Miles Crossing 7.62 7.43 0.01 87 BDL BDL 15 BDL BDL   NA   
RY58 Miles Crossing 15.24 7.811 0.009 91 BDL BDL 16 BDL BDL   NA   
RZ59 Miles Crossing 19.51 7.451 0.001 30 BDL BDL 5 BDL BDL   NA   
RVV79 Hay Canyon  3.96 5.635 0.002 66 BDL BDL 12 BDL BDL   NA   
RUU78 Hay Canyon  9.14 6.861 0.001 66 BDL BDL 11 BDL BDL   NA   
RSS77 Hay Canyon  22.86 5.14 0.01 71 BDL BDL 12 BDL BDL   NA   
EPA Aquatic Life MCL 0.34 0.001 0.0005 
BDL = below detection limit, NA = not analyzed         


































Zn st dev 
(ppm) 
SA16 Warm Springs 10.29 7.303 0.002 199 BDL BDL 4 195 1 21 448 2 
SB17 Warm Springs 12.62 7.75 0.01 300 BDL BDL 6 356 1 31 469 3 
SC18 Warm Springs 15.54 7.795 0.001 276 BDL BDL 6 120 16 29 280 27 
SM33 Santa  4.57 7.806 0.009 159 BDL BDL 3 14.2 0.5 16 126 1 
SP34 Santa  22.86 6.601 0.001 231 BDL BDL 5 BDL BDL 24 66.0 0.5 
SQ35 Santa  27.74 7.130 0.001 149 BDL BDL 5 46 9 22 250 43 
SQQ46 Santa 2 22.86 7.161 0.005 11 172 9 4 62 1 20 268 1 
SRR47 Santa 2 27.13 6.475 0.003 12 550 58 4 180 15 22 520 97 
SW62 Miles Crossing 3.05 7.55 0.05 171 BDL BDL 4 6.0 0.3 18 177 1 
SX63 Miles Crossing 7.62 7.43 0.01 117 170 12 2 BDL BDL 12 58.0 0.4 
SY64 Miles Crossing 15.24 7.811 0.009 10 257 8 4 14.1 0.3 18 133 1 
SZ65 Miles Crossing 19.51 7.451 0.001 128 230 87 3 BDL BDL 16 90 35 
SVV84 Hay Canyon  3.96 5.635 0.002 10 BDL BDL 2 BDL BDL 36 BDL BDL 
SUU83 Hay Canyon  9.14 6.861 0.001 209 BDL BDL 4 BDL BDL 22 BDL BDL 
SSS82 Hay Canyon  22.86 5.14 0.01 241 300 36 5 9 1 25 39 1 
EPA Residential Soil MCL 1800 3100 23000 
BDL = below detection limit, NA = not analyzed         
































Cd st dev 
(ppm) 
SA16 Warm Springs 10.29 7.303 0.002 56 BDL BDL 10 BDL BDL 7 BDL BDL 
SB17 Warm Springs 12.62 7.75 0.01 85 BDL BDL 15 BDL BDL 11 BDL BDL 
SC18 Warm Springs 15.54 7.795 0.001 78 BDL BDL 14 BDL BDL NA NA NA 
SM33 Santa  4.57 7.806 0.009 45 BDL BDL 8 BDL BDL NA NA NA 
SP34 Santa  22.86 6.601 0.001 65 BDL BDL 11 BDL BDL NA NA NA 
SQ35 Santa  27.74 7.130 0.001 61 BDL BDL 11 BDL BDL NA NA NA 
SQQ46 Santa 2 22.86 7.161 0.005 54 BDL BDL 9 BDL BDL NA NA NA 
SRR47 Santa 2 27.13 6.475 0.003 61 BDL BDL 11 BDL BDL 8 BDL BDL 
SW62 Miles Crossing 3.05 7.55 0.05 48 BDL BDL 8 BDL BDL NA NA NA 
SX63 Miles Crossing 7.62 7.43 0.01 33 BDL BDL 6 BDL BDL NA NA NA 
SY64 Miles Crossing 15.24 7.811 0.009 49 BDL BDL 9 BDL BDL NA NA NA 
SZ65 Miles Crossing 19.51 7.451 0.001 45 BDL BDL 8 BDL BDL NA NA NA 
SVV84 Hay Canyon  3.96 5.635 0.002 31 BDL BDL 2 BDL BDL NA NA NA 
SUU83 Hay Canyon  9.14 6.861 0.001 59 BDL BDL 10 BDL BDL NA NA NA 
SSS82 Hay Canyon  22.86 5.14 0.01 68 BDL BDL 12 BDL BDL NA NA NA 
EPA Residential Soil MCL 0.68 400 71 
BDL = below detection limit, NA = not analyzed 
        







Table XXIX: Sediment core samples analyzed by the Flame AAS 

























Zn         
st dev 
(ppm) 
CE6A Warm Springs 4.572 7.25 0.02 13 BDL BDL 5 866 8 24 1312 2 
CE6B Warm Springs 4.572 7.25 0.02 9 58 5 2 545 3 10 591 1 
CE6C Warm Springs 4.572 7.25 0.02 11 552 4 3 1032 4 17 961 2 
CF7A Warm Springs 15.5448 7.795 0.001 195 BDL BDL 4 270 82 20 320 100 
CF7B* Warm Springs 15.5448 7.795 0.001 6 450 59 1 1790 75 202 1250 224 
CF7C * Warm Springs 15.5448 7.795 0.001 190 BDL BDL 6 420 133 29 1190 278 
CBB68A** Miles Crossing 4.572 7.55 0.05 112 BDL BDL 2 14 3 12 84 6 
CBB68B** Miles Crossing 4.572 7.55 0.05 143 450 411 3 70 17 15 350 76 
CCC71A Miles Crossing 19.5072 7.451 0.001 111 100 20 2 9.0 0.4 11 113.4 0.8 
CCC71B Miles Crossing 19.5072 7.451 0.001 8 215 5 3 BDL BDL 14 83.6 0.6 
CR26A Santa 4.572 7.806 0.009 5 159 2 2 101.9 0.5 9 384 2 
CR26B Santa 4.572 7.806 0.009 102 180 18 2 54.1 0.5 11 288.8 0.4 
CS27A Santa 22.86 6.601 0.001 134 BDL BDL 3 13.0 0.2 14 70.1 0.7 
CS27B Santa 22.86 6.601 0.001 5 316 4 2 27.4 0.2 9 117.7 0.7 
CWW88A Hay Canyon 3.9624 5.635 0.002 146 330 12 3 5.2 0.3 15 56.1 0.5 
CWW88B Hay Canyon 3.9624 5.635 0.002 10 490 12 3.7 3.8 0.7 18 62.4 0.8 
CTT87A Hay Canyon 22.86 5.14 0.01 6 331 2 2 30.1 0.4 10 89.6 0.8 
CTT87B Hay Canyon 22.86 5.14 0.01 8 289 6 3 17.0 0.4 14 57.8 0.4 
EPA Residential Soil MCL 1800 3100 23000 
BDL = below detection limit, NA = not analyzed 
        
* uses only two of the triplicates in the calculation for As 
** soil pH from SW62 used as core sample pH taken between two plant samples 




Table XXIX: Sediment core samples analyzed by the Flame AAS, continued 

























Cd      
st dev 
(ppm) 
CE6A Warm Springs 4.572 7.25 0.02 64 BDL BDL 11 BDL BDL 8 BDL BDL 
CE6B Warm Springs 4.572 7.25 0.02 26 330 32 5 295 4 NA NA NA 
CE6C Warm Springs 4.572 7.25 0.02 46 BDL BDL 8 BDL BDL NA NA NA 
CF7A Warm Springs 15.5448 7.795 0.001 55 BDL BDL 10 BDL BDL NA NA NA 
CF7B* Warm Springs 15.5448 7.795 0.001 19 80 36 1 93 7 NA NA NA 
CF7C * Warm Springs 15.5448 7.795 0.001 80 380 100 14 191 6 NA NA NA 
CBB68A** Miles Crossing 4.572 7.55 0.05 32 BDL BDL 6 BDL BDL NA NA NA 
CBB68B** Miles Crossing 4.572 7.55 0.05 40 BDL BDL 7 BDL BDL 7 BDL BDL 
CCC71A Miles Crossing 19.5072 7.451 0.001 31 BDL BDL 5 BDL BDL NA NA NA 
CCC71B Miles Crossing 19.5072 7.451 0.001 38 BDL BDL 7 BDL BDL NA NA NA 
CR26A Santa 4.572 7.806 0.009 23 BDL BDL 4 BDL BDL NA NA NA 
CR26B Santa 4.572 7.806 0.009 29 BDL BDL 5 BDL BDL NA NA NA 
CS27A Santa 22.86 6.601 0.001 38 BDL BDL 7 BDL BDL NA NA NA 
CS27B Santa 22.86 6.601 0.001 26 BDL BDL 4 BDL BDL NA NA NA 
CWW88A Hay Canyon 3.9624 5.635 0.002 41 BDL BDL 7 BDL BDL NA NA NA 
CWW88B Hay Canyon 3.9624 5.635 0.002 50 BDL BDL 9 BDL BDL NA NA NA 
CTT87A Hay Canyon 22.86 5.14 0.01 28 BDL BDL 5 BDL BDL NA NA NA 
CTT87B Hay Canyon 22.86 5.14 0.01 39 BDL BDL 7 BDL BDL NA NA NA 
EPA Residential Soil MCL 0.68 400 71 
BDL = below detection limit, NA = not analyzed 
        
* uses only two of the triplicates in the calculation for As 
** soil pH from SW62 used as core sample pH taken between two plant samples 







































PA1 Warm Springs 10.29 7.303 0.002 14.6 0.4 420 105 7.1 0.3 54 2 
PB2 Warm Springs 12.62 7.75 0.01 11.2 0.3 290 72 8.2 0.3 69 3 
PC3 Warm Springs 15.54 7.795 0.001 11.1 0.3 210 52 5.7 0.2 39 2 
PM21 Santa  4.57 7.806 0.009 69 2 230 57 6.9 0.3 32 1 
PP22 Santa  22.86 6.601 0.001 15.7 0.5 170 43 4.1 0.2 30 1 
PQ23 Santa  27.74 7.130 0.001 12.7 0.4 130 32 3.5 0.1 41 2 
PQQ38 Santa 2 22.86 7.161 0.005 5.7 0.2 180 44 1.8 0.1 20 1 
PRR39 Santa 2 27.13 6.475 0.003 5.1 0.2 150 39 2.0 0.1 39 2 
PW50 Miles Crossing 3.05 7.55 0.05 18.2 0.5 180 45 4.2 0.2 23 1 
PX51 Miles Crossing 7.62 7.43 0.01 29.4 0.9 400 100 4.2 0.2 34 1 
PY52 Miles Crossing 15.24 7.811 0.009 25.0 0.7 680 170 3.5 0.1 21 1 
PZ53 Miles Crossing 19.51 7.451 0.001 18.2 0.5 470 117 2.4 0.1 12.2 0.5 
PVV74 Hay Canyon  3.96 5.635 0.002 12.7 0.4 230 56 1.23 0.05 13.3 0.5 
PUU73 Hay Canyon  9.14 6.861 0.001 35 1 120 29 1.6 0.1 11.2 0.4 
PSS72 Hay Canyon  22.86 5.14 0.01 19.9 0.6 150 38 1.9 0.1 9.4 0.4 
EPA Aquatic Life MCL 0.05 1 0.00379 0.04 
Reporting Limit 0.8 10 0.4 0.4 





Table XXX: Aerial basin wildrye data analyzed by the ICP – MS, continued 


















Pb st dev 
(ppm) 
PA1 Warm Springs 10.29 7.303 0.002 0.89 0.04 0.7 0.1 0.589 0.006 
PB2 Warm Springs 12.62 7.75 0.01 0.62 0.03 1.7 0.2 0.506 0.005 
PC3 Warm Springs 15.54 7.795 0.001 0.48 0.02 0.5 0.0 0.412 0.004 
PM21 Santa  4.57 7.806 0.009 0.43 0.02 0.5 0.0 0.444 0.004 
PP22 Santa  22.86 6.601 0.001 0.12 0.01 0.41 0.04 0.098 0.001 
PQ23 Santa  27.74 7.130 0.001 0.11 0.01 0.4 0.0 0.124 0.001 
PQQ38 Santa 2 22.86 7.161 0.005 0.18 0.01 0.2 0.0 0.197 0.002 
PRR39 Santa 2 27.13 6.475 0.003 0.093 0.005 0.2 0.0 0.086 0.001 
PW50 Miles Crossing 3.05 7.55 0.05 0.14 0.01 0.72 0.07 0.210 0.002 
PX51 Miles Crossing 7.62 7.43 0.01 0.12 0.01 0.8 0.1 0.205 0.002 
PY52 Miles Crossing 15.24 7.811 0.009 0.22 0.01 0.4 0.0 0.354 0.004 
PZ53 Miles Crossing 19.51 7.451 0.001 0.16 0.01 0.2 0.0 0.179 0.002 
PVV74 Hay Canyon  3.96 5.635 0.002 0.15 0.01 0.41 0.04 *0.097 0.001 
PUU73 Hay Canyon  9.14 6.861 0.001 0.066 0.003 0.17 0.02 0.0410 0.0004 
PSS72 Hay Canyon  22.86 5.14 0.01 0.11 0.01 0.49 0.05 0.200 0.002 
EPA Aquatic Life MCL 0.34 0.002 0.001 
Reporting Limit 0.08 0.04 0.08 
* Sample below reporting limit for ICP - MS, standard deviations calculated measured instrumental error propagated from liquid analyzed sample to 












bank (m) soil pH pH error 
Mn avg 
(ppm) 








Cu st dev 
(ppm) 
RA10 Warm Springs 10.29 7.303 0.002 26 1 *4000 1011 67 3 
RB12 Warm Springs 12.62 7.75 0.01 15.5 0.5 3200 1591 27 1 
RC13 Warm Springs 15.54 7.795 0.001 24 1 7900 3954 50 2 
RM28 Santa  4.57 7.806 0.009 200 6 2300 1126 21.0 0.8 
RP29 Santa  22.86 6.601 0.001 30 1 1400 689 7.5 0.3 
RQ30 Santa  27.74 7.130 0.001 242 7 6300 3151 23.5 0.9 
RQQ42 Santa 2 22.86 7.161 0.005 51 2 3900 1950 17.9 0.7 
RRR43 Santa 2 27.13 6.475 0.003 47 1 2200 1109 17.2 0.7 
RW56 Miles Crossing 3.05 7.55 0.05 24 1 1750 875 9.0 0.4 
RX57 Miles Crossing 7.62 7.43 0.01 120 4 17600 8794 22.8 0.9 
RY58 Miles Crossing 15.24 7.811 0.009 162 5 20100 10039 22.5 0.9 
RZ59 Miles Crossing 19.51 7.451 0.001 350 11 *101000 50540 20.0 0.8 
RVV79 Hay Canyon  3.96 5.635 0.002 117 4 6900 3460 5.1 0.2 
RUU78 Hay Canyon  9.14 6.861 0.001 98 3 4500 2268 10.4 0.4 
RSS77 Hay Canyon  22.86 5.14 0.01 44 1 480 239 11.2 0.4 
EPA Aquatic Life MCL 0.05 1 0.00379 
Reporting Limit 0.8 20 0.4 



























Pb st dev 
(ppm) 
RA10 Warm Springs 10.29 7.303 0.002 155 6 9.1 0.5 2.8 0.3 5.8 0.1 
RB12 Warm Springs 12.62 7.75 0.01 87 3 8.0 0.4 8.6 1.7 4.94 0.05 
RC13 Warm Springs 15.54 7.795 0.001 90 4 17.4 0.9 5.3 1.1 12.1 0.1 
RM28 Santa  4.57 7.806 0.009 270 11 1.4 0.1 2.5 0.5 1.75 0.02 
RP29 Santa  22.86 6.601 0.001 71 3 0.23 0.01 1.2 0.2 0.60 0.01 
RQ30 Santa  27.74 7.130 0.001 290 12 2.7 0.1 4.5 0.9 14.8 0.1 
RQQ42 Santa 2 22.86 7.161 0.005 270 11 1.6 0.1 3.6 0.7 2.97 0.03 
RRR43 Santa 2 27.13 6.475 0.003 212 8 1.2 0.1 4.6 0.9 4.43 0.04 
RW56 Miles Crossing 3.05 7.55 0.05 66 3 0.31 0.02 10 2 0.399 0.004 
RX57 Miles Crossing 7.62 7.43 0.01 175 7 1.3 0.1 8 2 5.1 0.1 
RY58 Miles Crossing 15.24 7.811 0.009 87 3 2.0 0.1 3.1 0.6 5.4 0.1 
RZ59 Miles Crossing 19.51 7.451 0.001 91 4 3.2 0.2 3.1 0.6 4.10 0.04 
RVV79 Hay Canyon  3.96 5.635 0.002 58 2 0.25 0.01 4.4 0.9 0.188 0.002 
RUU78 Hay Canyon  9.14 6.861 0.001 58 2 0.57 0.03 1.6 0.3 0.73 0.01 
RSS77 Hay Canyon  22.86 5.14 0.01 18 1 0.53 0.03 2.2 0.4 1.07 0.01 
EPA Aquatic Life MCL 0.04 0.34 0.002 0.001 
Reporting Limit 0.4 0.08 0.08 0.08 






12. Whole Plant Estimated Values  
The plant species collected for this thesis is a bunch grass and grows in heights ranging 
from one to three meters - in optimal conditions - and up to one meter across (Ogle et al., 2012). 
This height and diameter make basin wildrye the second largest bunch grass native to the 
western United States (Lesperance et al., 1978). Due to the large size of the plant selected, a 
partial aerial plant with connected roots was collected instead of the whole plant. The limitation 
of this thesis is increasingly apparent as no complete plant was collected, digested, and analyzed. 
Therefore, no comments on the complete plant metal levels can be made with certainty. If one 
complete plant had been collected, the whole aerial plant dry mass and the root could be used to 
estimate element concentrations in a complete plant.  
In place of complete plant values, an estimation of the aerial plant to root plant biomass 
was obtained from a plant expert. Aerial biomass estimates to below ground biomass were 1:0.5 
to 1:10, due to including the microorganisms and fungi that interact with the roots in the below 
ground biomass (Pal, personal communication). The ratios obtained were used to calculate the 
estimated element levels in one gram of complete plant matter ground and homogenized (Figure 
41, Figure 42, Figure 43, Figure 44).  
The root element values are higher than the aerial plant values as such the whole plant 
plots show similar trends to the roots with slight variations. For the ratio of 1:0.5 Mn and Cu 
have a slight difference in the Hay Canyon (black hexagons) samples relative to the other 
samples graphed (Figure 41). Zn has more variation at Warm Springs (red circles) however the 
aerial plant and root values are closer than the other elements. As had a slight difference in Hay 
Canyon (black hexagons) and Santa (blue stars). For the ratio of 1:10 Mn, Cu, Zn, and As look 





Figure 41: One gram of whole plant estimated values for above to below ground biomass 1:0.5 
a) Mn, b) Cu, c) Zn, d) As.  
Values from ICP - MS, error bars represent standard deviation between analytical triplicates. Some error 






Figure 42: One gram of whole plant estimated values for above to below ground biomass 1:10 
a) Mn, b) Cu, c) Zn, d) As. 
Values from ICP - MS, error bars represent standard deviation between analytical triplicates. Some error 






Figure 43: One gram of whole plant regression estimated values for above to below ground biomass 1:0.5 
a) Mn, b) Cu, and c) Zn. 
Values from ICP - MS, error bars represent standard deviation analytical triplicates. Some error bars 






Figure 44: One gram of whole plant regression estimated values for above to below ground biomass 1:10 
a) Mn, b) Cu, and c) Zn. 
Values from ICP - MS, error bars represent standard deviation analytical triplicates. Some error bars 





13. Regression Graphs 





















Figure 48: As regression graph 




Figure 49: Pb regression graph 





14. Triplicates Graphs 
All triplicates from the Flame AAS data.  
 
 
Figure 50: Mn triplicate 
Values from the Flame AAS, error bars represent standard deviation between analytical triplicates. Some 




Figure 51: Cu triplicate 
Values from the Flame AAS, error bars represent standard deviation between analytical triplicates. Some 





Figure 52: Zn triplicate 
Values from the Flame AAS, error bars represent standard deviation between analytical triplicates. Some 






15. Sample Element Speciation 
Plots made in R using CHNOSZ (Dick, 2019). Log activities of the elements set at -8, 
using cancer cell affinities to estimate the plant cell affinities (Dick, 2008). Plants 
photosynthesize during the day, taking in CO2 and releasing O2. Therefore, it is expected that the 
plant cells are more oxic then anoxic and the Eh is approximately 0.5 to 0.9 V. The whole plant 
will have different processes occurring that vary the pH this was simplified as the plant being 
overall near neutral.  
15.1. Manganese 
The plants are expected to contain manganese in aqueous form as Mn+2 and MnCO3 and 
in crystalline form as rhodochrosite, bixbyite, and pyrolusite (Figure 53).  
 
 
Figure 53: Manganese speciation 
a) aqueous species, b) aqueous and crystalline species. The top black line represents O2 saturation and the 
lower black line represents H2 saturation. The red vertical lines represent the soil sample pH range.  
 
15.2. Copper 
 The plants are expected to contain copper in aqueous form as Cu+2, CuCO3, and 
Cu(CO3)2






Figure 54: Copper speciation 
a) aqueous species, b) aqueous and crystalline species. The top black line represents O2 saturation 




The plants are expected to contain zinc in aqueous form as Zn+2, ZnHCO3
+, and ZnCO3 
and in crystalline form as smithsonite (Figure 55).  
 
 
Figure 55: Zinc speciation 
a) aqueous species, b) aqueous and crystalline species. The top black line represents O2 saturation 







The plants are expected to contain arsenic in aqueous form as H2AsO4
-, and HAsO4
-2 and 
including crystalline arsenic forms does not change the expected speciation when conditions are 
oxic (Figure 56).  
 
 
Figure 56: Arsenic speciation 
a) aqueous species, b) aqueous and crystalline species. The top black line represents O2 saturation 




The plants are expected to contain cadmium in aqueous form as Cd+2, CdHCO3
+, and 
CdCO3 (Figure 57). The crystalline cadmium forms are not in the CHNOSZ database so they 






Figure 57: Cadmium speciation 
Aqueous species only. The top black line represents O2 saturation and the lower black line 
represents H2 saturation. The red vertical lines represent the soil sample pH range. 
 
15.6. Lead 
 The plants are expected to contain lead in aqueous form as Pb+2, PbOH+, PbCO3, and 
Pb(CO3)2
-2 and in crystalline form as cerussite (Figure 58).  
 
 
Figure 58: Lead speciation 
a) aqueous species, b) aqueous and crystalline species. The top black line represents O2 saturation 







Appendix E: Summary Guide to the Digest Procedure 
It is strongly recommended to future researchers collecting samples from the field to use 
at least two control locations. If there is a significant time difference for any of the samples 
collected future researchers should ensure that the control location is collected at both times as 
the data presented in this study did not show a uniform direction of change between plant 
samples collected one month apart, from midsummer to late summer.  
17. Samples on ICP - MS  
Digest mass of aerial plant and roots can be 0.1 g and diluted to 46.3 mL for Mn, Cu, Zn, 
As, and Pb for basin wildrye.  
18. Samples on the Flame AAS 
Digest mass of aerial plant and roots should be 0.5 g and diluted to 46.3 mL for Mn, Cu, 
Zn, As, and Pb for basin wildrye. It is calculated that Cd could also be detected at this level, but 
1.0 g would have a better probability of reading a number above the reporting limit.  
A digest mass of 0.5 g will put the samples in the range of standards 0.5 ppm to 1.0 ppm 
for Mn, Cu, As, and Pb; and in the range of standards 1.0 to 5.0 ppm for Zn and Cd. This would 
not make the Zn levels too high for the Flame AAS with the 46.3 mL dilution, unless the samples 
are high in Zn (over 6.0 mg Zn/kg plant mass) which will result in erroneously low absorbance 
values from the Flame AAS. 
19. Digest Procedure  
All parts of the digest procedure occur in the fume hood.  
 Add 0.1 gram of sample and 3 mL nitric acid (50% by volume) to first digestion 
vial on a hot block at 120 C for 4 hours (lid partially screwed on but loose)  
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 Allow to cool (about 2 hours for the hot block to cool to 70 C, unplugged; 
samples are cool in about 10 minutes)  
 Add 1 mL H2O2 (30% by volume) in each sample on a hot block at 70 C for 30 
minutes (lid partially screwed on but loose)  
 Let cool for 2 hours (for consistent cooling time or 10 minutes until samples are at 
an easily handled temperature)  
 Add Q-water to 15mL line  
 Filter into new bottle with a filter to catch any undissolved particles (if needed 
rinse first digestion vial with more Q to get all visible solid onto filter)  
 Evaporate to just dryness and resuspend in desired amount when ready to analyze 
(lid off on the hot block at 80 C for about 18 to 24 hours or until no moisture is 
in the bottle) (if second digest vial is the same as the first digestion vial then  
80 C for 4 to 6 days until no moisture in the bottle)  
Alternatively, for larger samples in digest vials use 5 ml nitric acid and 2 mL H2O2. The 
nitric acid needs to cover the sample but not have a lot extra and the ratio of HNO3 to H2O2 must 
stay the same. If there is a lot of sample then larger digestion vials are recommended as the nitric 
acid can become too vigorous in its initial heating and bubble out of the tube loosing an 
unknown sample mass (Figure 59).  
Digest method blanks are required for every digest, usually done in triplicate. It is also 
recommended to do evaporation filter blanks, filter Q-water through the same type of filter for all 
the other samples into the secondary digest container. This will inform about any contaminants 





Figure 59: Hot block digestion with sample masses too heavy 
Sample mass used for the above digestion was about 0.3 to 0.5 g, this boiled over, seen in the photos as the 
yellow, red, brown, and black a) primary digestion vials on the hot block and b) primary digestion vials in 







Figure 60: Vials 
a) 15 mL polypropylene primary digestion vial used in the procedure for samples approximately 0.1 g. b) 
120 mL secondary digestion HDPE bottle used in the procedure. c) 500 mL HDPE bottle for reference used 








Appendix F: Code and data for PCA in R 






ynp <- read.csv("basin_210421-location.csv") 
ynp.active <- ynp[1:64, 3:8] # whole are that data covers rows, columns with names 
head(ynp.active[,1:6]) # columns not including first one with row names 
res.pca <- prcomp(~ ., data=ynp.active, na.action=na.omit, scale = TRUE) # calculat the 
principal components 
## the na.action=na.omit will omit data that is missing 
get_eig(res.pca) # retrieve the eigen values 
fviz(res.pca, "ind") #Individual plot 
dev.new() 
fviz(res.pca, "var") # variables plot 
dev.new() 




             col.ind = "cos2",  
             gradient.cols = c("#00AFBB", "#E7B800", "#FC4E07"), 
             max.overlaps = 100, 
             repel = TRUE) 
dev.new() 
fviz_pca_biplot(res.pca, repel = TRUE, 
                col.var = "#2E9FDF", col.ind = "#696969", 
                max.overlaps = 100, 
                panel.background = "grey")  
dev.new() 
fviz_pca_var(res.pca, 
             col.var = "contrib", 
             gradient.cols = c("#00AFBB", "#E7B800", "#FC4E07"), 
             max.overlaps = 100, 
             repel = TRUE) 
res.var <- get_pca_var(res.pca) 
res.var$contrib 
## rm will clear your global environment only use this  
## if you are moving to groups                         #### 
rm(list=ls()) 
### Groups ### 
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setwd("C:/Users/amorse/Documents/R") # Windows # 
getwd() 
ynp <- read.csv("basin_210421-location.csv") 
ynp.active <- ynp[1:64, 2:7] # whole are that data covers rows, columns with names 
head(ynp.active[,1:6]) # columns not including first one with row names 
res.pca <- prcomp(~ ., data=ynp.active, na.action=na.omit, scale = TRUE) # calculat the 
principal components 
## the na.action=na.omit will omit data that is missing 
dev.new() 
fviz_eig(res.pca) # plots the variance of each principal component 
groups <- as.factor(ynp$Location[1:63]) 
cbbPalette <- c("black","green", "purple", "blue", "darkgreen", "#E69F00","red") 
dev.new() 
fviz_pca_ind(res.pca,  
             col.ind = groups, 
             palette = cbbPalette, 
          #label = "none", 
             addEllipses = TRUE,  
             ellipse.type = "confidence", 
             ellipse.level=0.95, 
             legend.title = "Groups", 
             repel = TRUE) 
dev.new() 
fviz_pca_biplot(res.pca, 
             col.ind = groups,  
             palette = cbbPalette, 
          #label = "none", 
             addEllipses = TRUE, 
             ellipse.type = "confidence", 
             ellipse.level=0.95, 
             legend.title = "Groups", 
             repel = TRUE 
             ) 
dev.new() 
fviz_pca_var(res.pca, 
             col.var = "contrib", 
             gradient.cols = c("#00AFBB", "#E7B800", "#FC4E07"), 




Table XXXII: Data for PCA by location 
Location soil pH Mn Cu Zn As Pb 
Warm Springs 7.303 15 7 54 0.9 0.6 
Warm Springs 7.75 11 8 69 0.6 0.5 
Warm Springs 7.795 11 6 39 0.5 0.4 
Warm Springs 7.303 26 67 155 9 5.8 
Warm Springs 7.75 16 27 87 8 4.9 
Warm Springs 7.795 24 50 90 17 12.1 
Warm Springs 7.303 199 195 448 56 9.8 
Warm Springs 7.75 300 356 469 85 14.7 
Warm Springs 7.795 276 123 276 78 13.5 
Warm Springs 7.25 13 866 1312 64 11 
Warm Springs 7.25 58 545 591 329 295 
Warm Springs 7.25 552 1032 961 46 8 
Warm Springs 7.795 195 269 322 55 10 
Warm Springs 7.795 448 1789 1246 79 93 
Warm Springs 7.795 190 417 1188 381 191 
Miles Crossing 7.55 18 4 23 0.1 0.2 
Miles Crossing 7.43 29 4 34 0.1 0.2 
Miles Crossing 7.811 25 3 21 0.2 0.4 
Miles Crossing 7.451 18 2 12.2 0.2 0.2 
Miles Crossing 7.55 24 9 66 0.3 0.4 
Miles Crossing 7.43 120 23 175 1.3 5.1 
Miles Crossing 7.811 162 23 87 2 5.4 
Miles Crossing 7.451 354 20 91 3.2 4.1 
Miles Crossing 7.55 101 6 177 48 8.4 
Miles Crossing 7.43 170 2 58 33 5.7 
Miles Crossing 7.811 257 14 133 49 8.6 
Miles Crossing 7.451 227 3 89 45 7.8 
Miles Crossing 7.55 72 14 84 32 5.5 
Miles Crossing 7.55 454 67 353 40 7 
Miles Crossing 7.451 103 9 113.4 31 5.4 
Miles Crossing 7.451 215 3 83.6 38 6.7 
Santa  7.806 69 6.9 32 0.4 0.4 
Santa  6.601 15.7 4.1 30 0.1 0.1 
Santa  7.13 12.7 3.5 41 0.1 0.1 
Santa  7.806 200 21 265 1.4 1.7 





Table XXXII: Data for PCA by location, continued 
Santa  7.13 242 23.5 289 2.7 14.8 
Santa  7.806 69 14.2 126 45 7.8 
Santa  6.601 231 5 66 65 11.3 
Santa  7.13 149 46 252 61 10.6 
Santa 7.806 159 101.9 384 23 4.1 
Santa 7.806 175 54.1 288.8 29 5 
Santa 6.601 74 13 70.1 38 6.6 
Santa 6.601 316 27.4 117.7 26 4.5 
Santa 2 7.161 5.7 1.8 20 0.18 0.2 
Santa 2 6.475 5.1 2 39 0.09 0.1 
Santa 2 7.161 51 17.9 266 1.6 3 
Santa 2 6.475 47 17.2 212 1.2 4.4 
Santa 2 7.161 172 62 268 54 9.4 
Santa 2 6.475 550 183 522 61 10.5 
Hay Canyon  5.635 12.7 1.23 13.3 0.1 0.1 
Hay Canyon  6.861 35 1.6 11.2 0.07 0 
Hay Canyon  5.14 19.9 1.9 9.4 0.1 0.2 
Hay Canyon  5.635 117 5.1 58 0.3 0.2 
Hay Canyon  6.861 98 10.4 58 0.6 0.7 
Hay Canyon  5.14 44 11.2 18 0.5 1.1 
Hay Canyon  5.635 10 2 36 31 2 
Hay Canyon  6.861 49 4 21.6 59 10.3 
Hay Canyon  5.14 305 9 39 68 11.8 
Hay Canyon 5.635 331 5.2 56.1 41 7.2 
Hay Canyon 5.635 491 3.8 62.4 50 8.7 
Hay Canyon 5.14 331 30.1 89.6 28 4.8 




21. Code for samples colored by sample type 
library(factoextra) 
######## 
setwd("C:/Users/amorse/Documents/R") # Windows # 
getwd() 
ynp <- read.csv("basin_210416-type.csv") 
ynp.active <- ynp[1:64, 3:8] # whole are that data covers rows, columns with names 
head(ynp.active[,1:6]) # columns not including first one with row names 
res.pca <- prcomp(~ ., data=ynp.active, na.action=na.omit, scale = TRUE) # calculat the 
principal components 
## the na.action=na.omit will omit data that is missing 
get_eig(res.pca) # retrieve the eigen values 
fviz(res.pca, "ind") #Individual plot 
dev.new() 
fviz(res.pca, "var") # variables plot 
dev.new() 




             col.ind = "cos2",  
             gradient.cols = c("#00AFBB", "#E7B800", "#FC4E07"), 
             max.overlaps = 100, 
             repel = TRUE) 
dev.new() 
fviz_pca_biplot(res.pca, repel = TRUE, 
                col.var = "#2E9FDF", col.ind = "#696969", 
                max.overlaps = 100, 
                panel.background = "grey")  
dev.new() 
fviz_pca_var(res.pca, 
             col.var = "contrib", 
             gradient.cols = c("#00AFBB", "#E7B800", "#FC4E07"), 
             max.overlaps = 100, 
             repel = TRUE) 
res.var <- get_pca_var(res.pca) 
res.var$contrib 
## rm will clear your global environment only use this  
## if you are moving to groups                         #### 
rm(list=ls()) 
### Groups ### 
setwd("C:/Users/amorse/Documents/R") # Windows # 
getwd() 
ynp <- read.csv("basin_210421-type.csv") 
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ynp.active <- ynp[1:64, 2:7] # whole are that data covers rows, columns with names 
head(ynp.active[,1:6]) # columns not including first one with row names 
res.pca <- prcomp(~ ., data=ynp.active, na.action=na.omit, scale = TRUE) # calculat the 
principal components 
## the na.action=na.omit will omit data that is missing 
dev.new() 
fviz_eig(res.pca) 
groups <- as.factor(ynp$sample.type[1:63]) 




             col.ind = groups, 
             palette = cbbPalette, 
             addEllipses = TRUE,  
             ellipse.type = "confidence", 
             ellipse.level=0.95, 
             legend.title = "Groups", 
             repel = TRUE) 
dev.new() 
fviz_pca_biplot(res.pca, 
             col.ind = groups,  
             palette = cbbPalette, 
             addEllipses = TRUE, 
             ellipse.type = "confidence", 
             ellipse.level=0.95, 
             legend.title = "Groups", 
             repel = TRUE 
             ) 
dev.new() 
fviz_pca_var(res.pca, 
             col.var = "contrib", 
             gradient.cols = c("#00AFBB", "#E7B800", "#FC4E07"), 




Table XXXIII: Data for PCA by sample type 
sample type soil pH Mn Cu Zn As Pb 
aerial plant  7.303 15 7 54 0.9 0.6 
aerial plant  7.75 11 8 69 0.6 0.5 
aerial plant  7.795 11 6 39 0.5 0.4 
root 7.303 26 67 155 9 5.8 
root 7.75 16 27 87 8 4.9 
root 7.795 24 50 90 17 12.1 
soil 7.303 199 195 448 56 9.8 
soil 7.75 300 356 469 85 14.7 
soil 7.795 276 123 276 78 13.5 
core 7.25 13 866 1312 64 11 
core 7.25 58 545 591 329 295 
core 7.25 552 1032 961 46 8 
core 7.795 195 269 322 55 10 
core 7.795 448 1789 1246 79 93 
core 7.795 190 417 1188 381 191 
aerial plant  7.55 18 4 23 0.1 0.2 
aerial plant  7.43 29 4 34 0.1 0.2 
aerial plant  7.811 25 3 21 0.2 0.4 
aerial plant  7.451 18 2 12.2 0.2 0.2 
root 7.55 24 9 66 0.3 0.4 
root 7.43 120 23 175 1.3 5.1 
root 7.811 162 23 87 2 5.4 
root 7.451 354 20 91 3.2 4.1 
soil 7.55 101 6 177 48 8.4 
soil 7.43 170 2 58 33 5.7 
soil 7.811 257 14 133 49 8.6 
soil 7.451 227 3 89 45 7.8 
core 7.55 72 14 84 32 5.5 
core 7.55 454 67 353 40 7 
core 7.451 103 9 113.4 31 5.4 
core 7.451 215 3 83.6 38 6.7 
aerial plant  7.806 69 6.9 32 0.4 0.4 
aerial plant  6.601 15.7 4.1 30 0.1 0.1 
aerial plant  7.13 12.7 3.5 41 0.1 0.1 
root 7.806 200 21 265 1.4 1.7 
root 6.601 30 7.5 71 0.2 0.6 
root 7.13 242 23.5 289 2.7 14.8 




Table XXXIII: Data for PCA by sample type, continued 
soil 6.601 231 5 66 65 11.3 
soil 7.13 149 46 252 61 10.6 
core 7.806 159 101.9 384 23 4.1 
core 7.806 175 54.1 288.8 29 5 
core 6.601 74 13 70.1 38 6.6 
core 6.601 316 27.4 117.7 26 4.5 
aerial plant  7.161 5.7 1.8 20 0.18 0.2 
aerial plant  6.475 5.1 2 39 0.09 0.1 
root 7.161 51 17.9 266 1.6 3 
root 6.475 47 17.2 212 1.2 4.4 
soil 7.161 172 62 268 54 9.4 
soil 6.475 550 183 522 61 10.5 
aerial plant  5.635 12.7 1.23 13.3 0.1 0.1 
aerial plant  6.861 35 1.6 11.2 0.07 0 
aerial plant  5.14 19.9 1.9 9.4 0.1 0.2 
root 5.635 117 5.1 58 0.3 0.2 
root 6.861 98 10.4 58 0.6 0.7 
root 5.14 44 11.2 18 0.5 1.1 
soil 5.635 10 2 36 31 2 
soil 6.861 49 4 21.6 59 10.3 
soil 5.14 305 9 39 68 11.8 
core 5.635 331 5.2 56.1 41 7.2 
core 5.635 491 3.8 62.4 50 8.7 
core 5.14 331 30.1 89.6 28 4.8 









Figure 61: Sample locations 
a) Warm Springs, b) Miles Crossing, c) Santa, and d) Hay Canyon 
 
a) 
b) c) d) 
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Figure 62: Core samples 









Figure 63: Soil and core samples stored 
Falcon tubes are 50 mL. Low density polyethylene bags 20 by 20 cm and seven by five inches. 
 

